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SUMMARY 
T h i s  r e p o r t  documents t h e  aerodynamic and mechan ica l  des ign  o f  
a r a d i a l  i n f l o w  t u r b i n e  s tage  f o r  a  B r a y t o n  r o t a t i n g  u n i t  a p p l i c a t i o n .  
The work  was pe r fo rmed  under NASA C o n t r a c t  No. NAS~-13492.  The new t u r -  
b i n e  i s  a n  a l t e r n a t i v e  t o  one p r e v i o u s l y  des igned  and t e s t e d .  
S ince  t h e  s i n g l e - s t a g e  t u r b i n e  i n  a tu rbo-a l te rna to r -compressor  
u n i t  s u p p l i e s  b o t h  a l t e r n a t o r  and compressor d r i v e  power and t h e  power r e -  
qu i remen ts  o f  t h e  l a t t e r  a r e  s i g n i f i c a n t l y  g r e a t e r  t han  t h a t  o f  t h e  f o r m e r ,  
a one -pe rcen tage-po in t  change i n  t u r b i n e  e f f i c i e n c y  w i l l  produce a r e l a -  
t i v e l y  l a r g e  change i n  t h e  u s e f u l  power o u t p u t  o f  t h e  u n i t .  I n  t h i s  p a r -  
t i c u l a r  t u r b i n e  a p p l  i c a t i o n ,  t h e  cornb ina t ibn  o f  s t r e s s  l e v e l s  and o p e r a t -  
i n g  tempera tu re  a r e  such t h a t  t h e  p r i m a r y  d e s i g n  emphasis c o u l d  be p l a c e d  
on a c h i e v i n g  an aerodynamic optimum w i t h i n  t h e  o v e r - a l l  c o n s t r a i n t  o f  t h e  
1 i f e  r e q u i  rement o f  t h e  t u r b i  ne. 
The work r e p o r t e d  c o n s i s t s  o f  t h r e e  phases:  t h e  p r e l i m i n a r y  
aerodynamic and mechan ica l  d e s i g n ,  t h e  f i n a l  aerodynamic des ign ,  and t h e  
f i n a l  mechanica l  d e s i g n  i n c l u d i n g  t he  p r o d u c t i o n  o f  m a n u f a c t u r i n g  draw- 
i ngs. 
The s e l e c t e d  s t a g e  c o n f i g u r a t i o n  d i f f e r s  f r o m  t h e  p r e v i o u s l y  
t e s t e d  s t a g e  i n  a number o f  r e s p e c t s .  The r o t o r  d e s i g n  f e a t u r e s  back- 
s l o p e  b l a d i n g  a t  r o t o r  i n l e t  and a tandem b l a d e  row des ign,  t h e  r n e r i d i o r ~ a l  
f l o w  p a t h  t h r o u g h  t h e  n o z z l e  row i s  f l a r e d ,  t h e  downstream d i f f u s e r  sec-  
t i o n  was designed f o r  a 1 i n e a r  s t a t i c  p r e s s u r e  r i s e ,  and t h e  i n l e t  s c r o l l  
o v e r - a l l  d imensions were reduced compared w i t h  t h e  o r i g i n a l .  Compared 
w i t h  t h e  e x i s t i n g  des ign ,  t h e  e f f i c i e n c y  o f  t h e  s t a g e  i s  p r e d i c t e d  t o  be 
between 2 and 4 percen tage  p o i n t s  h i g h e r  a t  t h e  d e s i  gn-poi  n t  over -a1  1 
t o t a l  - t o - s t a t  i c  p r e s s u r e  r a t i o .  The r e l a t i v e l y  l a r g e  band o f  u n c e r t a i n t y  
a s s i g n e d  t o  t h e  p r e d i c t e d  e f f i c i e n c y  i s  d i r e c t l y  a s s o c i a t e d  w i t h  t h e  c u r -  
r e n t  d e f i c i e n c i e s  o f  l o s s  p r e d i c t i o n  procedures  f o r  r a d i a l  i n f l o w  t u r -  
b i n e s  i n  genera l  and t h e i r  a p p l i c a t i o n  t o  t h e  n o z z l e  row and r o t o r  con- 
f i g ~ ~ r a t  i o n s  of t h e  new d e s i  gn. 
The mechan ica l  des ign  of t h e  r o t o r  was under taken  f o r  t h e  BRU 
a p p l i c a t i o n .  However, t h e  s t a t i o n a r y  p a r t s  were des igned fo r  cold f l o w  
t e s t i n g  on the  NASA t e s t  s tand.  Drawings fo l -  a l l  new p a r t s  f o r  the  t u r -  
b i n e  s tage t e s t  have been reduced and reproduced f o r  i n c l u s i o n  i n  t h i s  
des l gn repor t .  
l NTRODUCT l ON 
- 
Problem Sta tement  
The b a s i c  o b j e c t i v e  o f  t h i s  program was t o  d e s i g n  a r a d i a l  i n -  
Flow t u r b i n e  t h a t  surpasses t h e  per fo rmance o f  an e x i s t i n g  u n i t  (Refs  
1 and 2) and wh ich  c o u l d  r e p l a c e  t h e  o r i g i n a l  w i t h  a minimum o f  m o d i f i c a -  
t i o n s  b o t h  i n  an a c t u a l  BRU and t h e  NASA t u r b i n e  t e s t  s tand.  
The t u r b i n e  d r i v e s  a c e n t r i f u g a l  compressor and an a l t e r n a t o r  
i n a c losed  Xe-He B r a y t o n  c y c l e .  S i n c e  the  compressor absorbs  most  o f  
the  t u r b i n e  power output., a o n e - p o i n t  improvement i n  the. t u r b i n e  e f f i -  
c i e n c y  w i  1 1  produce an approx ima te  3 p e r  c e n t  improvement i n  c y c l e  e f -  
f i c i e n c y .  The p r i n c i p a l  o b j e c t i v e  was t o  a c h i e v e  t h e  h i g h e s t  p o s s i b l e  
s t a g e  e f f  i c  i ency f o r  the  over -a1  1 d e s i  gn-poi  n t  t o t a l  - t o m s t a t i c  p ressu re  
r a t i o ;  t h e  s t a g e  compr ises  an i n l e t  s c r o l l ,  a n o z z l e  row, t h e  r o t o r ,  and 
an exhaust d i f f u s e r .  
D e s i g n  Requi rements 
The des ign  r e q u i r e m e n t s  f o r  t h e  turdb ine are. a s  f o l l o w s :  
Work ing  F l u i d ,  He l ium-  
Xenon M i x t u r e  
T u r b i n e  I n l e t  T o t a l  2060 deg R (1 144 deg K) 
Temperature 
2 T u r b i n e  I n l e t  T o t a l  P ressu re  25,O p s i a  (172 kN/m abs )  
S p e c i f i c  Heat a t  Cons tan t  0.05925, Btu/lb/deg R 
P ressu re  (248 J/kg deg K) 
R a t i o  o f  S p e c i f i c  Heats 
M o l e c u l a r  Weight  
T u r b i n e  R o t a t i v e  Speed 
D i  r e c t i o n  o f  R o t a t i o n  
Weight  F l o w  
T u r b i n e  I n l e t  T o t a l  - t o -  
D i f f u s e r  € x i  t S t a t i c  
P r a s s u r e  R a t i o  
C l o c k w i  se L s o k i  ng Up- 
s t r e a m  a t  R o t o r  E x i t  
T u r b i n e  l n l e t  T o t a l - t o -  
D i f f u s e r  E x i t  Tota l  
Pressu re  R a t i o  
1.749 o r  G r e a t e r  
T e c h n i c a l  Approach 
The o v e r - a l l  t e c h n i c a l  approach t o  t h i s  p rob lem was o u t l i n e d  by 
NASA personne l  i n i t i a l l y  and f u r t h e r  deve loped by  NREC d u r i n g  t h e  p r e l i r n i -  
n a r y  d e s i g n  e f f o r t ,  C o n s i d e r a b l e  f l e x i b i l i t y  i n  t h e  r o t o r  d e s i g n  was p e r -  
m i  t t e d  by t h e  moderate wheel speed and t h e  r e l a t i v e l y  l ow  o p e r a t i n g  tem- 
p e r a t u r e  o f  t h e  c l o s e d - c y c l e  r a r e  gas t u r b i n e .  Suggested r o t o r  d e s i g n  
m o d i f i c a t i o n s  i m p l i e d  per fo rmance g a i n s  i n  b o t h  t h e  vaned n o z z l e  and t h e  
d i f f u s e r .  
F o r  t h e  r o t o r  t h e  i n i t i a l l y  recommended d e s i g n  change was an  
i n c r e a s e  i n  o u t e r  d iamete r  o v e r  t h e  p r e v i o u s  des ign ,  wh ich  a t  c o n s t a n t  
r o t a t  i ve speed cor responds t o  i nc reased  t i  p speed. The consequent  r e -  
d u c t i o n  i n  t h e  a b s o l u t e  t a n g e n t i a l  i n l e t  v e l o c i t y  w o u l d  r e s u l t  i n  t h e  use 
o f  backward swept b lades  wh ich ,  i n  t u r n ,  wou ld  p e r m i t  a more u n i f o r m  
l o a d i n g  d i s t r i b u t i o n  a l o n g  t h e  b l a d e  s u r f a c e s  when compared t o  r a d i a l  
b lades ,  A r e d u c t i o n  i n  t h e  number o f  r o t o r  b lades  was a l s o  c o n s i d e r e d  
d e s i  r a b l e  i n  o r d e r  t o  o b t a i n  t h e  opt imum ba lance  between f r i c t i o n  and 
d i f f u s i o n  losses, For t h i s  reason,  a l t e r n a t e  b l a d i n ~  concep ts  t o  t h e  
c o n v e n t i o n a l  s p l i t t e r  c o n f i g u r a t i o n  were a l s o  c o n s i d e r e d  w o r t h y  o f  eva lua -  
t i o n .  I n  a d d i t i o n ,  t he  o t h e r  d imens ions  o f  t h e  r o t o r  such as i n l e t  pass-  
age w i d t h ,  passage l e n g t h ,  and o u t e r  d i a m e t e r s  a t  i n l e t  and e x i t  were 
c o n s i d e r e d  v a r i a b l e s  i n  t h e  d e s i g n  o p t i m i z a t i o n .  
The n o z z l e  r i n g  wou ld  b e n e f i t  f r o m  an i n c r e a s e  i n  d i s c h a r g e  
r a d i u s  c o r r e s p o n d i n g  t o  t h a t  o f  t h e  r o t o r ,  due t o  t h ~  reduced d i s c h a r g e  
v e l c c i t y  l e v e l .  Here aga in ,  the r e m a i n i n g  m a j o r  n o z z l e  d imensions ( i n -  
l e t  r a d i u s ,  passage w i d t h )  and vane number were t o  be s e l e c t e d  i n  such a 
manner t h a t  t h e  combined e f f e c t  o f  l o a d i n g ,  f r i c t i o n ,  and secondary f l o w  
l o s s e s  wou ld  be min imized.  I n i t i a l  NASA d e s i y  recommendations were 
s h o r t e r  vane chords  and f l a r e d  n o z z l e  w a l l s h  
S i g n i f i c a n t  per fo rmance improvement was expec ted  f r o m  a rede -  
s i g n e d  d i f f u s e r ,  s i n c e  t h e  e x p e r i m e n t a l  e v a l u a t i o n  o f  the p r e v i o u s  com- 
ponen t  ( ~ e f  I) had i n d i c a t e d  subs tandard  per formance.  D i f f u s e r  
e f f e c t i v e n e s s  as  a f u n c t i o n  o f  d i f f u s i o n  i s  c l e a r l y  r e l a t e d  t o  mean r o t o r  
d i s c h a r g e  c o n d i t i o n s  and a s  such a r e  i n v o l v e d  i n  t h e  s t a g e  des ign  o p t i -  
m i z a t i o n .  Beyond t h a t ,  however,  t h e  d e t a i l e d  d e s i g n  o f  t h e  d i f f u s e r  
s h o u l d  i n c l u d e  concepts  t h a t  wou ld  reduce  t h e  adve rse  e f f e c t s  of  t h e  un-  
s e t t l e d  f l o w  f i e l d  emerging from t h e  rotor .  
R e p o r t  Arrangement  
The s y s t e m a t i c  des ign  of t h e  s u b j e c t  t u r b i n e  e v o l v e d  f rom pr 'e-  
l i n ~ i n a r y  aerodynamic and mechan ica l  a n a l y s e s  t o  t h e  d e t a i l e d  aerodynamic 
d e s i g n  and mechanica l  ana lyses .  The r e p o r t  f o l l o w s  t h i s  o r d e r  i n  t h e  
main  p a r t 3  There  a r e  t h r e e  append ices ;  t h e  f i r s t  and second document 
the  d e s i g n  and a n a l y s i s  p rocedures  f o r  t h e  aerodynamic and mechanica l  
d e s i g n ,  r e s p e c t i v e l y ,  w h i l e  t h e  t h i r d  c o n t a i n s  r e p r o d u c t i o n s  o f  t h e  draw- 
i n g  reduced i n  s i z e  f o r  r e p o r t  purposes.  
P R E L I M  I NARY DES l GN ANALYS l S 
O b j e c t i v e s  and Approach 
The purpose o f  t h e  p r e l  i rn inary  a n a l y s i s  i s  t o  d e t e r m i n e  t h e  
p r i n c i p a l  d imensions and f l o w  c o n d i t i o n s  ( v e c t o r  d iagrams) a t  t h e  i n l e t  
and d i s c h a r g e  s t a t i o n s  o f  each component as shown i n  F i g u r e  1 .  The 
e v a l u a t i o n  m u s t  c o n s i d e r  aerodynamic per fo rmance and mechan ica l  f e a s -  
i b i l i t y  as a f u n c t i o n  o f  these  d imensions and f l o w  c o n d i t i o n s  and es-  
t a b l i s h  a b a s i s  f o r  t h e i r  f i n a l  s e l e c t i o n ,  t h e  r e l e v a n t  c r i t e r i o n  b e i n g  
optimum s t a g e  e f f i c i e n c y  w i t h i n  s p e c i f i e d  mechan ica l  c o n s t r a i n t s .  
To a c h i e v e  t h i s  purpose i t  i s  necessary t o  i d e n t i f y  t h e  s i g -  
n i f i c a n t  geomet r ic  v a r i a b l e s ,  t o  d e f i n e  t h e  r e l e v a n t  s t r e s s  c r i t e r i a ,  
and t o  f o r m u l a t e  t h e  r e l a t i o n s h i p  between geometry,  f l o w  f i e l d ,  and 
p r e s s u r e  l osses  on t h e  one hand, and t h a t  between geometry and s t r e s s e s  
on t h e  o t h e r ,  The aerodynamic r e l a t i o n s h i p s  were e s t a b l i s h e d  by means 
o f  s i m p l i f i e d  f l o w  f i e l d  r e p r e s e n t a t i o n  and s u i t a b l e  e x p r e s s i o n s  f o r  
d i s t i n c t  l o s s  mechanisms a s s o c i a t e d  w i t h  f r i c t i o n ,  d i f f u s i o n ,  d i s s i p a -  
t i o n ,  and n o n u n i f s r r n l t y  of the  f low f i e l d  ( l o a d i n g j ,  h e n c e f o r t h  summar i l y  
termed t h e  l o s s  system. The mechan ica l  r e l a t i o n s h i p s  were s i m i l a r l y  
found f r o m  s i m p l i f i e d  expres.s ions f o r  r o t o r  d i s k  and b l a d e  r o o t  bend ing  
s t r e s s e s  and f o r  b l a d e  n a t u r a l  f requency  and v i b r a t o r y  s t r e s s e s .  Hence, 
a p a r a m e t r i c  a n a l y s i s  o f  per fo rmance and s t r e s s  c o u l d  be used t o  p r o v i d e  
a r a t i o n a l  approach t o  a p r e l i m i n a r y  d e s i g n  s e l e c t i o n .  
P r e l  i m i  n a r y  Aerodynarni c  A n a l y s i s  P rocedure  
A rev iew  of  r ecen t  1 i t e r a t u r e  r e \ a t e d  t o  r a d i a l  i n f l o w  t u r -  
b i n e s  showed t h a t  t h e  main  c o n t r i b u t i o n s  t o  r a d i a l  t u r b i n e  techno logy  
s i n c e  t h e  c o m p l e t i o n  of NREC1s  m a j o r  t u r b i n e  program (Refs  3 and 4) a r e  
t h e  r e p o r t s  on t h e  t u r b i n e  wh ich  was b e i n g  redes igned  and t h e  v a r i o u s  
r e p o r t s  on i n t e r n a l  b l a d e  row f l o w  a n a l y s i s  p rocedures  o f  K a t s a n i s  ( f o r  
example, R e f  5 ) .  No improved l o s s  c o r r e l a t i o n s  have been r e c e n t l y  de- 
ve loped,  and da ta  on  w h i c h  t o  base improved c o r r e l a t i o n s  a r e  v e r y  l i m i t e d .  
F u r t h e r  a n a l y s i s  was t h e r e f o r e  based on t h e  methods p r e s e n t e d  i n  R e f e r -  
ences 3 and  4. 
F l o w  A n a l y s i s  Procedure  
The f l o w  a n a l y s i s  c o n s i s t s  p r i n c i p a l l y  o f  s a t i s f y i n g  c o n t i n u i t y  
and work  requ i remen ts  f o r  t h e  g i v e n  d e s i g n  f l o w ,  p r e s s u r e  r a t i o ,  and 
s p e c i f i e d  geometry ,  t a k i n g  i n t o  accoun t  t h e  l osses  t h a t  occu r  a c r o s s  
each component. S i n c e  t h e  l osses  depend on the f l o w  q u a n t i t i e s  t o  be 
c a l c u l a t e d ,  t h e  s o l u t i o n  o f  t h e  f i n a l  f l o w  q u a n t i t i e s  i s  a r r i v e d  a t  by 
an i t e r a t i v e  procedure .  The i t e r a t i o n  t e r m i n a t e s  when t h e  change i n  e f -  
f i c i e n c y  f r o m  one i t e r a t i o n  t o  t h e  n e x t  i t e r a t i o n  i s  w i t h i n  a  p r e s c r i b e d  
l i m i t .  Fo r  t h e  f i r s t  i t e r a t i o n  q u a n t i t i e s  wh ich  a r e  n o t  known a r e  e i t h e r  
assumed o r  approx imated.  I n t h e  succeed ing  i te ra .L ions ,  t h e  unknown quan- 
t i t i e s  a r e  taken  t o  be those  c a l c u l a t e d  i n  t h e  p r e v i o u s  i t e r a t i o n .  
As p a r t  o f  t h e  s t a g e  e f f i c i e n c y  c a l c u l a t i o n ,  c o n t i n u i t y  i s  s a t -  
i s f i e d  a t  i n l e t  and e x i t  s t a t i o n s  o f  t h e  r o t o r  and n o z z l e  vanes. A t  t h e s e  
s t a t i o n s  e i t h e r  t h e  t a n g e n t i a l  v e l o c i t y  o r  F low a n g l e  i s  known. From t h e  
g i v e n  a rea ,  d e s i g n  f l o w  and t h e  e s t i m a t e d  t o t a l  p r e s s u r e  and tempera tu re  
c o n t i n u i t y  i s  s o l v e d  i t e r a t i v e l y  t o  c a l c u l a t e  t h e  f l o w  q u a n t i t i e s .  
As a  f i r s t  s t e p  i n  t h e  e f f i c i e n c y  i t e r a t i o n  l oop ,  t h e  e x i t  t o t a l  
t empera tu re  i s  c a l c u l a t e d  f r o m  t h e  s p e c i f i e d  p r e s s u r e  r a t i o  and t h e  e f -  
f i c i e n c y  c a l c u l a t e d  i n  t h e  p r e v i o u s  i t e r a t i o n .  The d i f f u s e r  e x i t  s t a t i c  
p r e s s u r e  i s  o b t a i n e d  f r o m  t h e  g i v e n  i n l e t  t o t a l - t o - e x i  t s t a t i c  p r e s s u r e  
r a t i o  and i n l e t  t o t a l  p r e s s u r e .  S ince  t h e  des ign  f l o w  i s  s p e c i f i e d  and 
t h e  annu lus  a rea  i s  known f rom t h e  d imens ions ,  t h e  d i f f u s e r  e x i t  f l o w  
c o n d i t i o n s  a r e  c a l c u l a t e d  assuming no d i s c h a r g e  s w i r l .  
T h e  d i f f u s e r  i n l e t  t o t a l  p r e s s u r e  i s  c a l c u l a t e d  f r o m  t h e  d i f f u -  
s e r  l o s s  f o r m u l a t i o n  f o r  t h e  knqwn a r e a  r a t i o ,  p r e s c r i b e d  v e l o c i t y  g r a d i -  
e n t  a t  t h e  d i f f u s e r  i n l e t ,  and the i n l e t  b lockage  e s t i m a t e d  f r o m  t h e  a v e r -  
age w a l l  momentum t h i c k n e s s  a t  t h e  r o t o r  e x i t ,  S ince  t h e  a b s o l u t e  f l o w  
a n g l e  a t  t h e  r o t o r  e x i t  i s  s p e c i f i e d ,  t h e  f l o w  c o n d i t i o n s  a r e  o b t a i n e d  b y  
c o n t i n u i t y  i t e r a t i o n s .  
The r o t o r  l o s s e s  a r e  c a l c u l a t e d  as  t h e  sum o f  t h e  c l e a r a n c e  
l o s s  and  t h e  combined f r i c t i o n  and d i f f u s i o n  losses .  The r o t o r  i n l e t  
t o t a l  p r e s s u r e  i s  o b t a i n c d  f r o m  t h e  work  znd t h e  c a l c u l a t e d  losses .  The 
a b s o l u t e  i n l e t  t a n g e n t i a l  v e l o c i t y  i s  c a l c u l a t e d  f rom t h e  work, t h e  e x i t  
t a n g e n t i a l  v e l o c i t y ,  and t h e  b l a d e  speed, The r e m a i n i n g  r o t o r  i n I e t  f l a w  
c o n d i t i o n s  a r e  t h e n  c a l c u l a t e d  by c o n t i n u i t y  i t e r a t i o n s .  
The n o z z l e  vane e x i t  t o t a l  p r e s s u r e  and t a n g e n t i a l  v e l o c i t y  a r e  
c a l c u l a t e d  f rom t h e  vane less  space l o s s  and c o n s e r v a t i o n  o f  momentuml The 
c o n t i n u i t y  i t e r a t i o n  i s  t h e n  employed t o . c a l c u l a t e  t h e  r e m a i n i n g  f l a w  con-  
d i t i o n s  a t  t h e  e x i t  o f  t h e  n o z z l e  vanes. The n o z z l e  vane i n l e t  t o t a l  p r e s -  
su re  i s  c a l c u l a t e d  f r o m  n o z z l e  vane losses ,  S ince  t h e  a b s o l u t e  f l o w  a n g l e  
a t  t h e  n o z z l e  vane i n l e t  i s  p r e s c r i b e d ,  t h e  f l o w  c o n d i t i o n s  a r e  o b t a i n e d  
by c o n t i n u i t y  i t e r a t i o n s .  
The s c r o l l  o r  t h e  t u r b i n e  i n l e t  t o t a l  p r e s s u r e  i s  t h e n  o b t a i n e d  
f r o m  t h e  c a l c u l a t e d  s c r o l l  l osses .  The t u r b i n e  e f f i c i e n c y  i s  e s t i m a t e d  
based on t h e  c a l c u l a t e d  i n l e t  t o t a l  p ressu re .  The e f f i c i e n c y  i s  t h e n  com- 
pa red  w i t h  t h e  e f f i c i e n c y  o f  the  p r e v i o u s  i t e r a t i o n .  I f  t h e  e f f i c i e n c y  
d i f f e r e n c e  i s  g r e a t e r  t h a n  c e r t a i n  p r e s c r i b e d  amounts, t h e  new e f f i c i e n c y  
i s  assumed and t h e  i t e r a t i o n  p rocedure  repea ted  w i t h  t h e  g i v e n  p r e s s u r e  
r a t i o  u n t i l  t h e  e f f i c i e n c y  d i f f e r e n c e  f a l l s  w i t h i n  t he  p r e s c r i b e d  l i m i t ,  
Loss System 
D u r i n g  a n  i n i t i a l  e v a l u a t i o n  o f  a l t e r n a t i v e  l o s s  systems, i t  was 
shown t h a t  t h e  a x i a l  t u r b i n e  l o s s  c o r r e l a t i o n  o f  Reference 6 c o u l d  be modi-  
f i e d  t o  a c c u r a t e l y  p r e d i c t  t h e  d e s i g n - p o i n t  e f f i c i e n c y  o f  t h e  e x i s t i n g  BRU 
t u r b i n e  as r e p o r t e d  i n  Re fe rence  1 .  However, w h i l e  t h e  o v e r - a l l  p e r f o r -  
mance was a c c u r a t e l y  p r e d i c t e d ,  t h e  i n d i v i d u a l  component l osses  were l e s s  
a c c u r a t e l y  p r e d i c t e d .  Hence, a l t h o u g h  t h e  i n i t i a l l y  proposed c o r r e l a t i o n  
i s  w e l l  s u i t e d  t o  a p a r a m e t r i c  a n a l y s i s ,  i t  was c o n s i d e r e d  necessary  t o  
f u r t h e r  r e f i n e  t h e  l o s s  sys tem i n  o r d e r  t h a t  v a l  i d  p r e d i c t i o n s  o f  m o d i f  i -  
c a t i o n  t o  t h e  e x i s t i n g  d e s i g n  geometry wou ld  be ob ta ined ,  The measured 
s t a t i c  p r e s s u r e  i n  the s t a t o r - r o t o r  gap was used t o  o b t a i n  e s t i m a t e s  o f  
the s t a t o r  and r o t o r  performance. Even though t h e  c a l c u l a t i o n  o f  a s t a t o r  
l o s s  c o e f f i c i e n t  by means o f  s t a t i c  p r e s s u r e  da ta  i s  s u b j e c t  t o  p o s s i b l e  
i n a c c u r a c y ,  i t  was c l e a r  t h a t  n e i t h e r  t h e  a x i a l  - t u rb ine -based  l o s s  c o r r e -  
l a t i o n  o f  Reference 6 (NREC R e p o r t  1125-1) no r  t h e  r a d i a l  t u r b i n e  s t a t o r  
c o r r e l a t i o n  of Reference 3 (NREC R e p o r t  1067-1) wou ld  p r e d i c t  t h e  s t a t o r  
l o s s  o f  t h e  e x i s t i n g  t u r b i n e ;  t h e  11106711 p r e d i c t i o n  gave t o o  low a l o s s ,  
and t h e  it112511 p r e d i c t i o n  gave t o o  h i g h  a va lue .  A more r e c e n t  c o r r e l a -  
t i o n ,  o b t a i n e d  f r o m  p l a n a r  cascade t e s t s  o f  l o w - a s p e c t - r a t i o  a x i a l  t u r b i n e  
b l a d e  s e c t i o n s ,  was t h e r e f o r e  cons ide red .  T h i s  c o r r e l a t i o n  i s  based on 
an NREC program f o r  USAAVLABS r e p o r t e d  i n  Reference 7 (NREC Repor t  1137-1) 
(The r e p o r t  w i  1 1  be i s s u e d  a s  AVLABS R e p o r t  No. 70-14.) I n  a p p l y i n g  t h i s  
t h i r d  c o r r e l a t i o n ,  t h e  s t a t o r  system l o s s  was c o n s i d e r e d  t o  have t h r e e  com- 
ponen ts ,  a scroll l o s s ,  t h e  s t a t o r  b l a d e  row l o s s ,  and t h e  vane less  space 
l o s s .  From t h e  f o l  l o w i n g  t a b u l a t i o n  i t  w i  1 1  be seen t h a t  t h e  " 1  137" and 
11106711 p r e d i c t i o n  produces t h e  b e s t  agreement w i t h  t h e  va lue  d e ~ i v e d  f r o m  
t e s t  da ta .  
Loss C o e f f  i c i e n t  Der i ved 
f rom E x p e r i m e n t a l  Data = 0.082 
"1067" = 0.036 
P r e d i c t e d  Loss C o e f f i c i e n t s  1 1 1  12St1 = 0. 148 
I t  appeared t h a t  a l o g i c a l  m o d i f i c a t i o n  o f  t h e  a x i a l  t u r b i n e  
b l a d e  row c o r r e l a t i o n  t a  i n c l u d e  t h e  e f f e c t  o f  t h e  r a d i u s  change t h r o u g h  
the  s t a t o r  b l a d e  row produced good agreement between t h e  p r e d i c t e d  t o t a l  
p r e s s u r e  l o s s  and t h a t  d e r i v e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  of Refevence 1.  
The s e l e c t e d  nozzle row t o t a l  pressure l o s s  c o e f f i c i e n t  i s  as 
f o l  1 ow5 : 
E q u a t i o n  1 i s  a m o d i f i e d  v e r s i o n  o f  t h a t  o b t a i n e d  f o r  a x i a l  
t u r b i n e  cascades i n  Reference 6. The m o d i f i c a t i o n  i n t r o d u c e d  f o r  t h e  
Bz ; i t  was reasoned t h a t  the con-  r a d i a l  n o z z l e  i s  t h e  d iamete r  r a t i o  -
=!L 
s e r v a t i o n  of a n g u l a r  momentum i n  a  r a d i a l  space s h o u l d  be t a k e n  i n t o  a c -  
c o u n t  when c a l c u l a t i n g  t h e  row l o s s  due t o  t a n g e n t i a l  l o a d i n g .  The f o u r  
r e m a i n i n g  terms o f  E q u a t i o n  1 i n t r o d u c e  l o s s  l e v e l  c o r r e c t i o n  f o r  row 
a c c e l e r a t i o n ,  VI/& , passage aspec t  r a t i o ,  AR , t r a i  i i n g  edge b l o c k a g e ,  
, and Reynolds number. 
I n t r o d u c t i o n  o f  t h e  above l o s s  f o r m u l a t i o n  i n t o  t h e  r a d i a l  t u r -  
b i n e  p r e d i c t i o n  program produced a c c e p t a b l y  c l o s e  agreement between t e s t  
and p r e d i c t i o n ,  The t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  p r e d i c t e d  f o r  t h e  
s c r o l l ,  n o z z l e  vanes, and vane less  space i s  0,0745 compared w i t h  t h e  0,082 
va lue  d e r i v e d  f r o m  t h e  e x p e r i m e n t a l  data.  I n  v iew o f  t h e  p o s s i b l e  i n a c -  
curacy  a s s o c i a t e d  w i t h  d e r i v i n g  a t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f r o m  
measured s t a t i c ,  t h e  agreement was c o n s i d e r e d  s a t i s f a c t o r y ,  
I n  the  case o f  t he  r o t o r  losses, t h e  i n i t i a l l y  s e l e c t e d  l o s s  
c o r r e l a t i o n s ,  based o n  Reference 3 ,  c o n s i d e r a b l y  u n d e r e s t i m a t e d  t h e  r o t o r  
losses  a s  deduced f r o m  t h e  s t a g e  t e s t s .  A t  t h i s  p o i n t ,  a  number o f  pos-  
s i  b l e  e x p l a n a t i o n s  were sought  r a t h e r  than some a r b i  t r a r i  1 y s e l e c t e d  I 1 c o r -  
r e c t i o n I 1  f a c t o r  i n t r o d u c e d .  Two b a s i c  d e f i c i e n c i e s  o f  t h e  o r i  g i  n a l  l o s s  
system were  i d e n t i f i e d .  One, t h e  l o s s  system d i d  n o t  t a k e  s p l  i t t e r s  i n t o  
account  o the r  than by r e p l a c i n g  b l a d e  and s p l i t t e r  numbers by  an equ iva -  
l e n t  number o f  f u l l  b l a d e s ,  Two, s i n c e  t h e  l o s s  f o r m u l a t i o n  assumed a 
l i n e a r  v a r i a t i o n  o f  r e l a t i v e  v e l o c i t y  f r o m  i n l e t  t o  e x i t ,  i t  c o u l d  n o t  
account  f o r  a  majgr  l o s s  a s s o c i a t e d  w i t h  a d e c e l e r a t i o n  a l o n g  t h e  hub 
l i n e  ( w h i c h  i s  i n h e r e n t  t o  most r a d i a l  i n f l o w  t u r b i n e s ) .  A c c o r d i n g l y ,  a 
l o s s  f o r m u l a t i o n  was deve loped w h i c h  i n t r o d u c e d  an i n t e r m e d i a t e  s t a t i o n  
( s t a t i o n  3 1 ,  see F i g  1 )  between r o t o r  i n l e t  and r o t o r  e x i t  ( s t a t i o n s  3 
and 4, r e s p e c t i v e l y ) ,  V e l o c i t i e s  c a l c u l a t e d  a t  t h e  i n t e r m e d i a t e  s t a t i o n  
a r e  used i n  des igns  b o t h  w i t h  and w i t h o u t  s p l i t t e r s ,  Fo r  t h e  e x i s t i n g  
des ign ,  w h i c h  employs s p l i t t e r s ,  two s e t s  o f  v e l o c i t y  c a l c u l a t i o n s  a r e  
per fo rmed a t  S t a t i o n  3 1  w i t h  and w i t h o u t  t h e  b lockage  o f  t h e  s p l i t t e r .  
The c a l c u l a t i o n  s t a t i o n  i n  wh ich  t h e  s p l  i t t e r  b lockage  i s  i n c l u d e d  i s  
named 331 (and i s  used t o  c a l c u l a t e  l o s s e s  from 3 t o  3 1 ) .  The s t a t i o n  
immed ia te l y  downstream o f  t h e  s p l i t t e r  i s  i d e n t i f i e d  as S t a t i o n  314 (and 
i s  used t o  c a l c u l a t e  losses i n  t h e  s e c t i o n  between 31 and 4) .  
The c a l c u l a t i o n  i s  based on a combined f r i c t i o n  and d i f f u s i o n  
loss .  V e l o c i t y  d i s t r i b u t i o n  c a l c u l a t i o n s  a r e  used t o  c a i c u l a t e  d i f f u s i o n  
r a t i o s  w h i c h  a r e  t h e n  r e l a t e d  t o  boundary - l aye r  d i sp lacemen t  t h i c k n e s s  
and, hence,  a r o t o r  t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t .  F o r  t h e  purpose o f  
t he  c a l c u l a t i o n ,  t h e  r o t o r  f l o w  i s  d i v i d e d  i n t o  i n n e r  and o u t e r  f l o w s .  
C o n d i t i o n s  f o r  t h e  i n n e r  f l o w  a r e  assumed t o  be t h e  average o f  t h e  mean 
l i n e  and hub f low c o n d i t i o n s .  S i m i l a r l y ,  t h e  o u t e r  p o r t i o n  o f  t h e  f l o w  
i s  r e p r e s e n t e d  by t h e  average o f  the mean and o u t e r  s t r e a m l i n e  f l o w  con- 
d i t i o n s ,  F o r  t h e  f u l l  b l a d e ,  four  components o f  d i f f u s i o n  a r e  i d e n t i f i e d ,  
t h a t  i s ,  
where \hl 3 '  W331' W314 ' and W + a r e  r e l a t i v e  v e l o c i t i e s  a t  t h e  f o u r  c a l -  
c u l a t i o n  s t a t i o n s ,  The s u b s c r i p t s  kd and  AV denote  w a l l  and average v a l -  
ues, r e s p e c t i v e l y .  Four  v a l u e s  of Du c o r r e s p o n d i n g  t o  t h e  i n n e r  and 
o u t e r ,  p r e s s u r e ,  and s u c t i o n  s u r f a c e s  a r e  c a l c u l a t e d .  Only r e l a t i v e  ve- 
l o c i  t y  r a t i o s  l e s s  than u n i t y  a r e  used i n  t h e  c a l c u l a t i o n .  Each o f  t h e  
f o u r  v a l u e s  of i s  used t o  c a l c u l a t e  a d i sp lacemen t  t h i c k n e s s ,  4 ,  
where 
D 7 0 . 4  (I -D$)"@" w ( 3  1 
- 
The f o u r  CZ va lues  a r e  used t o  o h t a i n  an average v a l u e  4 , w h i c h  i n  
1 
t u r n  i s  used t o  c a l c u l a t e  t h e  1 0 s ~  c o e f f i c i e n t ,  A P  o / ~ o t  -P+ 9 g i v e n  
A P, II 
- 4 K  d 2  (4) 
Pw- 9 DO, 
where /( i s  a  secondary f l o w  f a c t o r  and D i s  t h e  h y d r a u l i c  d iamete r  fo r  R 
t h e  r o t o r  e x i t  f l o w  area.  
The above loss f o r m u l a t i a n  was used i n  the p a r a m e t r i c  a n a l y s i s ,  
P r e l  i m i n a r y  Mechanica l  A n a l y s i s  P rocedure  
Procedures used i n  t h e  mechan ica l  phase of t h e  program a r e  
f u l l y  documented i n  Appendix  I t .  The f o l l o w i n g  t o p i c s  r e p r e s e n t  a reas  o f  
p r i m a r y  concern  i n  t h e  p r e l  i m i n a r y  d e s i g n  a n a l y s i s  o f  a l t e r n a t i v e  r o t o r s :  
1 .  B lade r o o t  bend ing  and t e n s i  l e  s t r e s s e s .  
2. C e n t r i f u g a l l y  loaded d i s k  s t r e s s e s .  
3 .  Blade  n a t u r a  1 f r e q u e n c i e s .  
Each of these t o p i c s  i s  b r i e f l y  d i s c u s s e d  below. 
B lade  Root  S t r e s s e s  
Exper ience  has shown t h a t  where b lades  w i t h  any s i g n i f i c a n t .  degree 
of b a c k s l o p e  a r e  used, t h e  b l a d e  r o o t  b e n d i n g  moment a t  t h e  d i s k  p e r i p h e r y  
r ep resen t s  t h e  s t r e s s  l i m i t i n g  s i t u a t i o n .  I f  t h e r e  i s  l e a n  on t h e  a x i a l  
p o r t i o n  o f  t h e  b l a d e ,  however,  t h e  b e n d i n g  s t r e s s e s  produced i n  t h i s  sec- 
t i o n  c o u l d  v e r y  q u i c k l y  become 1 i m i t i n g .  Tens i  I e  s t r e s s e s  a r e  v e r y  r a r e l y  
l i m i t i n g .  
Values o f  s t r e s s ,  when o b t a i n e d ,  a r e  compared w i t h  t h e  appro-  
p r i a t e  s t r e n g t h  v a l u e ,  u s u a l l y  y i e l d  s t r e n g t h ,  o f  t h e  m a t e r i a l  t o  be used. 
D i s k  C e n t r i f u g a l  S t r e s s e s  
I n  many i n s t a n c e s ,  t h e  d i s k  i s  n o t  t h e  l i m i t i n g  i t e m  i n  s t r e s s  
c o n s i d e r a t i o n s .  I n  a d d i t i o n ,  c o n s i d e r a b l e  improvement i n  b o t h  s t r e s s  and 
d e f o r m a t i o n  p a t t e r n s  may be a f f e c t e d  b y  p r o p e r  shapbng of  t h e  i m p e l l e r  
back face ,  The e q u a t i o n s  used i n  t h e  p r e l  i m i n a r y  a n a l y s i s  c o n s i d e r  t h e  
two i m p o r t a n t  s t r e s s e s .  These a r e  t h e  b a s i c  d i s k  maximum s t r e s s  and t h e  
s t r e s s  induced by t h e  moment e x e r t e d  on t h e  d i s k  by  backward s l o p e d  
b lades .  The f o r m e r  was genera l  l y  t h e  more i m p o r t a n t ,  and i t  i s  d e t e r -  
mined e n t i r e l y  by t h e  i m p e l l e r  t i p  speed and t h e  m a t e r i a l  p r o p e r t i e s .  
A c o n s e r v a t i v e  s c l u t i o n  i s  r e p r e s e n t e d  by a  s o l i d  homogeneous 
c i r c u l a r  d i s k  o f  u n i f o r m  t h i c k n e s s .  For a s o l i d  c i r c u l a r  d i s k  o r  c y l i n d e r ,  
t h e  maximum r a d i a l  and t a n g e n t i a l  s t r e s s  occu rs  a t  t h e  c e n t e r  o f  t h e  d i s k .  
Formulas  f o r  s t r e s s  c a l c u l a t i o n s  a r c  t h o s e  o f  Re fe rence  8. 
B lade  N a t u r a l  F reauenc i  es 
B lade n a t u r a l  f r e q u e n c i e s  were p r e d i c t e d  u s i n g  t h e  methods and 
e q u a t i o n s  o f  Reference 9. The p r i m a r y  c o n s i d e r a t i o n  i n  t h e  p r s l  i m i n a r y  
des ign s t a g e  was t h a t  any b l a d e  d e s i g n  l i k e l y  t o  be s e l e c t e d  as  an a c r w  
dynamic opt imum wou ld  n o t  have a c a l c u l a t e d  n a t u r a l  f r e q u e n c y  l e s s  t h a n  
1 , 3  t imes  t h e  h i g h e s t  fundamenta l  f requency ,  The h i g h e s t  fundamenta l  
f requency  was assumed t o  be t h e  number o f  r o t o r  or  s t a t o r  b l a d e s ,  de- 
pendent on w h i c h  was t h e  h i g h e s t  number, t imes  t h e  d e s i g n  r o t a t i o n a l  speed,  
P a r a m e t r i c  l n v e s t i  g a t i o n  
------ d 
The p a r a m e t r i c  s t u d y  c o n s i s t e d  o f  s e l e c t i n g  t h r e e  datum des igns  
and s y s t e m a t i c a l l y  v a r y i n g  t h e  p r e v i o u s l y  i d e n t i f i e d  d e s i g n  geomet r i c  
parameters,  The l a t t e r  datum des igns  were s e l e c t e d  f r o m  t h e  pararnetrmi c
i n v e s t i g a t i o n  o f  t h e  p r e v i o u s  datum des igns  and o n l y  t h e  parameters  wh ich  
showed improvement i n  t u r b i n e  e f f i c i e n c y  were used f o r  p a r a m e t r i c  a n a l y -  
s i s  o f  t h e  l a t t e r  datum des igns ,  The ma jo r  parameters  o f  t h e  t h r e e  datum 
des igns  a r e  l i s t e d  i n  T a b l e  I .  
E leven  d e s i g n  parameters  were i n i t i a l l y  i d e n t i f i e d  f o r  p a r a m e t r i c  
i n v e s t i g a t i o n ,  They c o n s i s t  o f  f i v e  d iamete rs ,  t h r e e  passage w i d t h s ,  a 
number o f  n o z z l e  vanes, a number o f  r o t o r  b l a d e s ,  and t h e  a x i a l  l e n g t h  o f  
t h e  r o t o r .  The f i v e  d iamete rs  co r respond  t o  t h e  n o z z l e  vane i n l e t  and 
e x i t ,  r o t o r  i n l e t ,  and r o t o r  e x i t  hub and shroud.  The t h r e e  w i d t h s  a r e  
a t  t h e  n o z z l e  vane i n l e t  and e x i t  and r o t o r  i n l e t .  For' t h e  main p o r t i o n  
o f  t h e  p a r a m e t r i c  s t u d y ,  t h e  number o f  indeperrdent v a r i a b l e s  was reduced 
t o  n ine .  
The vane less  space i s  p r o v i d e d  m a i n l y  f o r  t h e  vane wakes t o  
m i x  o u t  b e f o r e  e n t e r i n g  t h e  r o t o r .  Any l a r g e  space wou ld  i n t r o d u c e  ad- 
d i t i o n a l  f r i c t i o n a l  l o s s .  S ince  t h e  d iamete r  r a t i o  (vane e x i t  t o  r o t o r  
i n l e t )  f o r  w e l l - d e s i g n e d  n o z z l e  vanes i s  a p p r o x i m a t e l y  1-04 ( ~ e f  3) and 
t h e  r e f e r e n c e  t u r b i n e  ( ~ e f  1 )  has a  d iamete r  r a t i o  o f  1.03, t h e  d iamete r  
r a t i o  f o r  t h e  p a r a m e t r i c  s t u d y  was assumed t o  be 1.03 f o r  t h e  th r8ee datum 
-fa 
designss' .  Hence, t h e  n o z z l e  e x i t  d i a m e t e r ,  D- , was e l  i m i n a t e d  as an 
L ;'e 
independent  v a r i a b l e  f o r  t h e  i n i t i a l  p a r a m e t r i c  a n a l y s i s  . S i n c e  t h e  
- -- 
J." 
dt The i n f l u e n c e  o f  t h e  r a t i o  %/%on s tage  per formance was i nves t i ga ted  
f o r  t he  f i n a l  s e l e c t i o n  o f  s t a g e  geometr ic .  v a r i a b l e s ,  
l e n g t h  of  t h e  vane less  space i s  sma l l  compared t o  t h e  l eng th  of  t h e  noz-  
z l e  vanes, t h e  n o z z l e  vane e x i  t passage w i d t h ,  b t ,  was assumed t o  be t h e  
same as r o t o r  i n l e t  w i d t h ,  bq. Hence, the  w i d t h  bzwas removed f rom 
t h e  independent  v a r i a b l e s ?  
The f i r s t  datum t u r b i n e   a at urn 1 )  was s e l e c t e d  w i t h  a 3 pe r  c e n t  
i n c r e a s e  i n  n o z z l e  vane i n l e t  d iameter- ,  DL, and a 4 pe r  c e n t  i nc rease  i n  
b o t h  r o t o r  i n l e t  d iamete r ,  D3, and nozzle vane i n l e t  w i d t h ,  b , com- 
p a r e d  w i t h  t h e  r e f e r e n c e  t u r b i n e .  Datum I t u r b i n e  was i n v e s t i g a t e d  for 
des igns  b o t h  w i t h  and w i t h o u t  s p l i t t e r s e  For t h e  case w i t h o u t  t h e  s p l i t -  
t e r s ,  t h e  number o f  b lades  was t a k e n  t o  be t h e  e q u i v a l e n t  number based 
on m e r i d i o n a l  l e n g t h .  The e f f i c i e n c y  o f  t h e  Datum 1 t u r b i n e  w i t h o u t  
t h e  s p l i t t e r  was found t o  be about  0.6 p e r  c e n t  l e s s  than  t h a t  o f  Datum 1 
w i t h  t h e  s p l i t t e r ' s ,  T h e r e f o r e ,  s p l i t t e r s  were assumed i n  a l l  des igns  
d u r i n g  the  m a j o r  p o r t i o n  o f  t h e  p a r a m e t r i c  a n a l y s i s ,  
I n  t h e  p a r a m e t r i c  s t u d y  a l l  t h e  v a r i a b l e s  excep t  the r o t o r  e x i t  
hub d iameter  and t h e  number o f  b lades  were v a r i e d  +4 - p e r  c e n t  from t h e  
v a l u e s  o f  t h e  datum des igns .  The r o t o r  e x i t  hub d iamete r  was i nc reased  
w i t h  the  sh roud  d iamete r  such  t h a t  t h e  e x i t  a r e a  remained c o n s t a n t  ( t h e  
p r o d u c t  o f  t h e  mean d i a m e t e r  and t h e  b l a d e  he i  gh t  b e i n g  h e l d  c o n s t a n t ) .  
The r e s u l t s  o f  t h e  p a r a m e t r i c  i n v e s t i g a t i o n  a r e  shown i n  F i g -  
ures 2 th rough  6. I n  a l l  b u t  one case t h e  v a r i a t i o n  i n  over-al l  t o t a l -  
t o - s t a t i c  e f f i c i e n c y  i s  shown as a f u n c t i o n  o f  t h e  p a r t i c u l a r  parameter .  
Each f i g u r e  p r e s e n t s  r e s u l t s  f o r  the f i r s t  datum des ign ,  w h i l e  some a l s o  
c o n t a i n  da ta  f o r  Datum Des igns  2 o r  2 and 3 ,  depending upon the r e l a t i v e  
impor tance o f  t h e  parameters .  S i n c e  t h e  s t r e s s  d a t a  a r e  p r i n c i p a l l y  de- 
pendent  on t h e  t i p  d i a m e t e r  (or r o t o r  t i p  speed) ,  t h e s e  have o n l y  been 
i n c l u d e d  w i t h  t h e  f l u i d  dynamic e f f i c i e n c y  r e s u l t s  o f  F i g u r e  2 where t h e  
r e s u l t s  o f  v a r y i n g  D as a n  independent  parameter  a r e  shown. 3 
C o n s i d e r i n g  the f i v e  f i g u r e s  i n  more d e t a i l ,  t h e  e f f e c t s  o f  
c h a n g e i n n o z z l e v a n e  i n l e t d i a m e t e r , D  a n d r o t o r  i n l e t d i a m e t e r , D g ,  1 ,  
a r e  shown i n  F i g u r e  2. An i n c r e a s e  i n  D i n c r e a s e s  t h e  e f f i c i e n c y  as  a 1. 
r e s u l t  of changes i n  r e a c t i o n  and t h e  Reynolds number o f  the n o z z l e  vanes. 
S i m i l a r  t r e n d s  a r e  e x h i b i t e d  f o r  Datum 1 ,  2, and 3 t u r b i n e  d e s i g n s ,  but 
t h e  i n c r e a s e  i n  o f  0.2 p e r  c e n t  i n  t h e  case o f  Datum 1 decreases t o  
S5 
0.16 p e r  c e n t  fo r  Datum 3 when 9 1  i s  i n c r e a s e d  by  4 p e r  c e n t  f r o m  t h e  
datum va lues .  T h i s  r e f l e c t s  t h e  reduced l e v e l  o f  s t a t o r  l o s s  f o r  Datum 3 
t u r b i n e  compared t o  t h e  Datum 1 s t a t o r  l oss .  The e f f e c t  o f  change i n  D3 
i s  a l s o  shown i n  F i g u r e  2. The e f f i c i e n c y  drops when b i s  decreased 3 
as a  r z s u l t  of t he  predominant  i n c r e a s e  i n  r o t o r  d i f f u s i o n ,  F o r  an  i n -  
c rease i n  9 , t h e  decrease i n  r o t o r  d i f f u s i o n  l o s s  i s  s m a l l  compared t o  
t h e  i n c r e a s e  i n  r o t o r  f r i c t i o n  and n o z z l e  vane loss, t h e  l a t t e r  o f  wh ich  
i s  t h e  r e s u l t  o f  h i g h e r  nozz l e  vane e x i t  d iamete r ,  D p  T h e r e f o r e ,  an 
i n c r e a s e  or decvease o f  4 pe r  c e n t  i n  D3 reduces t h e  t u r b i n e  e f f i c i e n c y .  
The e f f i c i e n c y  a t t a i n s  a maximum a t  a d iamete r  r a t i o  s l i g h t l y  under  1,02.  
The s t r e s s  l e v e l s  a r e  w i t h i n  p r e s e t  l i m i t s  f o r  t h i s  d iamete r  r a t i o .  There-  
f o r e ,  f o r  t h e  o thep  two datum t u r b i n e s  t h e  d iamete r ,  was chosen t o  3' 
be 1.02 t imes  t h e  Datum 1 v a l u e  and h e l d  c o n s t a n t .  
The v a r i a t i o n  o f  e f f i c i e n c y  w i t h  r o t o r  e x i t  shroud d iamete r ,  
?i4 , as  w e l l  as  w i t h  t h e  mean d i a m e t e r ,  DM4, f o r  c o n s t a n t  e x i t  annu lus  
area i s  shown i n  F i g u r e  3 .  A decrlease o f  4 p e r  c e n t  i n  DgSdec reases  d i f -  
f u s i o n  l o s s e s  i n  r o t o r  by a p p r o x i m a t e l y  15 per c e n t ,  The h i g h e r  d i f f u s i o n  
imposed sn t h e  d i f f u s e r  r e s u l t s  i n  a d i f f u s e r  l o s s  w h i c h  i s  more than dou- 
b l e  t h a t  o f  t h e  Datum 1 t u r b i n e .  The n e t  e f f e c t  i s  a d rop  o f  1.4 p e r  c e n t  
i n  t u r b i n e  e f f i c i e n c y .  I f ,  on  t h e  o t h e r  hand, t h e  d i a r n e t e r , D  54' i s  i n -  
creased,  t h e  i n c r e a s e  i n  r o t o r  d i f f u s i o n  l o s s  predominates  o v e r  t h e  de- 
c rease i n  d i f f u s e r  l o s s  and b r i n g s  down t h e  t u r b i n e  e f f i c i e n c y  by 0.3 p e r  
cen t .  The t u r b i n e  e f f i c i e n c y  i s  p r e d i c t e d  t o  s t e a d i l y  d r o p  when t h e  r o t o r  
e x i t  mean d iamete r  1 s  i n c r e a s e d  as a  r e s u l t  o f  i n c r e a s e d  r o t o r  d i f f u s i o n  
l oss .  T h i s  e f f e c t  i s  opposed by  t h e  b e n e f i c i a l  e f f e c t  due t o  reduced up- 
s t ream d i f f u s i o n  a n t i c i p a t e d  a t  t h e  r o t o r  hub. A r e v i e w  o f  t h e  d a t a  shown 
i n  F i g u r e  3 l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  t r a d e - o f f s  i n v o l v e d  i n  changes 
of t h e  e x i t  d imensions o f  the  ro to r  would o n l y  be e s t a b l i s h e d  as a r e s u l t  
of a d e t a i l e d  des ign  a n a l y s i s  r a t h e r  t h a n  by  p a r a m e t r i c  ana lyses i n v o l v i n g  
t h e  geomet r ies  o f  t h e  r o t o r  e x i t .  
The change i n  t u r b i n e  e f f i c i e n c y  w i t h  v a r i a t i o n  o f  n o z z l e  vane 
i n l e t  w i d t h ,  bi , i s  p r e s e n t e d  i n  F i g u r e  4. F o r  a1 1 t h r e e  datum t u r b i n e s  
t h e  e f f i c i e n c y  i n c r e a s e s  w i t h  i n c r e a s e  i n  bi r e f l e c t i n g  t h e  i n c r e a s e  i n  
r e a c t i o n  ac ross  t h e  n o z z l e  vanes, The e f f e c t  o f  change i n  r o t o r  i n l e t  
passage w i d t h  on x s 5 i s  a l s o  i n c l u d e d  i n  F i g u r e  4. I t  can be seen f r o m  
t h e  f i g u r e  t h a t  t h e  e f f i c i e n c y  i n c r e a s e s  w i t h  i n c r e a s e  i n  b b u t  t h e  3 ' 
r e l a t i v e  change i s  sma l l  e s p e c i a l l y  f o r  t h e  Datum 2 des ign ,  T h i s  i n c r e a s e  
i s  t h e  n e t  r e s u l t  a f  i nc reased  l o s s e ~  i n  n o z z l e  vanes caused by lower  r e -  
a c t i o n  and  decreased r o t o r  losses  a s  a  r e s u l t  o f  h i g h e r  r e a c t i o n  and lower 
average r e l a t i v e  v e l o c i t y  l e v e l s ;  
F i g u r e  5 p r e s e n t s  t h e  e f f e c t  of  change i n  t h e  number of  b o t h  
n o z z l e  vanes and r o t o r  b l a d e s .  When t h e  number of n o z z l e  vanes i s  i n -  
creased, t h e  aspec t  r a t i o  l osses  come down w h i l e  t h e  t r a i l i n g  edge l o s s e s  
go up, r e s u l t i n g  i n  a n e t  i n c r e a s e  i n  Ts5 . The r a t e  o f  i n c r e a s e  i n  e f -  
f i c i e n c y  becomes n e g l i g i b l e  a t  h i g h e r  number o f  n o z z l e  vanes, I n  t h e  case  
o f  r o t o r  b lades  t h e  e f f i c i e n c y  decreases f o r  b o t h  i n c r e a s e  and decrease 
i n  t h e  number o f  b lades .  When t h e  number o f  r o t o r  b lades  i s  i n c r e a s e d  o r  
decreased, t h e  decrease o r  i n c r e a s e  i n  c l e a r a n c e  l o s s  a p p r o x i m a t e l y  com- 
pensates t h e  i n c r e a s e  o r  decrease i n  f r i c t i o n  l o s s .  The t o t a l  d i f f u s i o n  
l o s s  i n c r e a s e s  f o r  lower  numbers o f  b l a d e s ;  t h e  t o t a l  d i f f u s i o n  l o s s  shows 
a s l i g h t  i n c r e a s e  even though t h e  d i f f u s i o n  l o s s  p e r  b l a d e  i s  decreased. 
The e f f i c i e n c y  decreases w i t h  i n c r e a s e  i n  a x i a l  l e n g t h ,  as shown 
i n  F i g u r e  6. T h i s  decrease r e s u l t s  f r o m  h i g h e r  f r i c t i o n  and d i f f u s i o n  
losses.  The c l e a r a n c e  l o s s  remains p r a c t i c a l  l y  c o n s t a n t  w i t h  r o t o r  a x i a l  
d i s t a n c e ,  The e f f e c t  o f  vane less  space r a t i o  ( n o z z l e  vane e x i t  and r o t o r  
i n l e t )  was i n v e s t i g a t e d  f o r  t h e  f i n a l  s e l e c t e d  d e s i g n  o n l y .  When t h e  
vane less  apace d iamete r  r a t i o  (%/%) was inc reased ,  t h e  n o z z l e  vane 
d iamete r  r a t i o  ( DgD,) was k e p t  c o n s t a n t .  A s  shown i n  F i g u r e  6, t h e  
b 
e f f i c i e n c y  decreases ~ i i  t h  i n c r e a s e  i n  D 2 / D 3 a s  a r e s u l t  o f  i n c r e a s e d  
- 
l o s s e s  i n  t h e  vane less  space. The n o z z l e  vane and s c r o l l  l o s s e s  remain  
e s s e n t i a l  l y  c o n s t a n t .  
P r e l i m i n a r y  Desiqn S e l e c t i o n  
The f o l l o w i n g  stirnrnary p r e s e n t s  the s e l e c t i o n  o f  t h e  p r i n c i p a l  
des ign  v a r i a b l e s  and t h e  b a s i s  o f  t he  s e l e c t i o n .  W i t h  t h e  e x c e p t i o n  o f  
t h e  r o t o r  b l a d e  number t h e  parameters  s e l e c t e d  f o l l o w i n g  t h e  p a r a m e t r i c  
a n a l y s i s  were r e t a i n e d  f o r  t h e  d e t a i l e d  des ign.  However, the  r o t o r  b l a d e  
number a n d  r o t o r  c o n f i g u r a t i o n  were r e e v a l u a t e d  d u r i n g  t h e  d e t a i l e d  d e s i g n  
o f  t h e  ro to r  u s i n g  computed boundary - l aye r  c h a r a c t e r i s t i c s  A s  a r e s u l t  
of a more d e t a i l e d  e v a l u a t i o n  o f  a l t e r n a t i v e s ,  a tandem b l a d e  row can- 
f i g u r a t i o n  w i t h  12 b lades  per  row was s e l e c t e d  based on a f u r t h e r  i m -  
provement i n  r o t o r  e f f i c i e n c y .  T a b l e  I I p r e s e n t s  a compar ison o f  t h e  
p r e v i o u s l y  t e s t e d  d e s i g n  and t h e  s e l e c t e d  r e d e s i g n  i n  terms o f  v a r i o u s  
e f f i c i e n c y  exp ress ions  and power o u t p u t .  T a b l e  I 1 1  i s  a r e p r o d u c t i o n  of 
t h e  computer o u t p u t  o f  t h e  program used t o  p r e d i c t  t h e  d e s i g n - p o i n t  c h a r -  
a c t e r i s t i c  o f  t h e  s e l e c t e d  d e s i g n ;  t h e  ou tpu t  i s  c o n s i d e r e d  t o  be s e l f -  
e x p l a n a t o r y .  The v e c t o r  d iagrams f o r  t h e  row i n l e t  o r  e x i t  d e s i g n  st$- 
t i o t i s  a r e  p resen ted  i n  F i g u r e s  7 and 8. 
The 1 1  i n i t i a l l y  i d e n t i f i e d  independent  v a r i a b l e s  were reduced 
t o  9 by t h e  i n t r o d u c t i o n  o f  two r a t i o s ,  92/Daand bi/b3, wh ich  were 
t r e a t e d  a s  f i x e d  va lues .  Subsequent iy ,  t h e  r a t i o  ~ Z / % w a s  v a r i e d  for 
t h e  n e a r - f i n a l  d e s i g n  s tandard ,  Each o f  t h e  v a r i a b l e s  i s  b r i e f l y  d i s -  
cussed be low u s i n g  t h e  d e s i g n  o f  Re fe rence  '1 as t he  r e f e r e n c e  t u r b i n e  i n  
t h e  compar isons.  
1 .  Nozz le  Row I n l e t  D iameter ,  . Compared w i t h  t h e  e x i s t i n g  1 
t u r b i n e ,  t h i s  geomet r i c  v a r i a b l e  was i n c r e a s e d  by 15 p e r  
c e n t .  W h i l e  the s e l e c t e d  p r e d i c t i o n  method i n d i c a t e d  s t i l l  
f u r t h e r  i n c r e a s e s  i n  e f f i c i e n c y  w i t h  d i a m e t e r ,  t h e  r a t e  of  
i n c r e a s e  bras r e l a t i v e l y  smal 1 a t  t h e  s e l e c t e d  va lue ,  The 
i n c r e a s i n g  f r i c t i o n a l  l o s s  was c o n s i d e r e d  s u f f i c i e n t l y  l a r g e  
t h a t  t h e  c h o i c e  of an  optimum s o l i d i t y  f o r  t h e  n o z z l e  row 
wol i ld  become more c r i t i c a l .  Hence, t h e  n o z z l e  i n l e t  diame- 
t e r  was n o t  i n c r e a s e d  t o  t h e  v a l u e  i t ~ d i c a t e d  by t h e  s tage  
o p t i m i z a t i o n  wh ich  imp1 i c i  t l y  assumes t h a t  an  optimum so-! 
l i d i t y  c o u l d  be s e l e c t e d .  
2.  R o t o r  I n l e t  D iamete r ,  Dg, The d iamete r  was i n c r e a s e d  by 
6 p e r  c e n t .  The aerodynamic optimum, t h a t  i s  maximum o v e r -  
a l l  t o t a l - t o - s t a t i c  e f f i c i e n c y ,  was p r e d i c t e d  t o  occur a t  t h e  
6 p e r  c e n t  g r e a t e r  v a l u e  o f D  3 ' The d iamete r  i n c r e a s e  im- 
p l i e s  t h e  use o f  backs lope  b l a d i n g ;  the  a c t u a l  v a l u e  o f  
r o t o r  b l a d e  i n l e t  a n g l e  was t o  be o b t a i n e d  d u r i n g  t h e  de- 
t a i l e d  d e s i g n  phase. The s t r e s s  l e v e l  i n c r e a s e s  a s s o c i a t e d  
w i t h  t h e  change were a c c e p t a b l e .  
3 .  Nozz le  ROW l n l e t  A x i a l  W id th ,  b . T h i s  w i d t i .  was i n c r e a s e d  & 
by 45 per  c e n t .  T h e  i n c r e a s e  leads  t o  a  g r e a t e r  i n c r e a s e  
i n  v e l o c i t y  ac ross  t h e  row. A l t h o u g h  t h e  p r e d i c t i o n  p roce -  
dures i n d i c a t e d  s t i l l  ' f u r t h e r  sma l l  i n c r e a s e s  w i t h  i n c r e a s e  
of w i d t h ,  t h e  f i n a l  v a l u e  was s e l e c t e d  a f t e r  a  r e v i e w  of  
p o s s i b l e  row i n l e t  b lockage  e f f e c t s  w h i c h  c o u l d  be expec ted  
t o  be more s i g n i f i c a n t  as t h e  i n l e t  f l o w  a n g l e  i n c r e a s e d  
s t i l l  f u r t h e r  beyond 55 degrees, 
4, ' Nozz le  Row l n l e t  and R o t o r  Row I n l e t  A x i a l  W id ths ,  
I 
"3 . These w i d t h s ,  wh ich  were assumed t o  be equa l  t h e  
d e s i g n  a n a l y s i s  were i n c r e a s e d  by  4 p e r  cen t .  
The new v a l u e s  were p r e d i c t e d  t o  be optimum w i t h  i n c r e a s e s  
i n  n o z z l e  row l o s s e s  o f f s e t t i n g  decreases o r  r o t o r  l osses  
w i t h  any f u r t h e r  i n c r e a s e  i n  t h e  f l o w  p a t h  w i d t h ,  
5. R o t o r  Row E x i t  Ou te r  D iameter ,  $4' T h i s  v a l u e  i s  unchanged 
f r o m  t h e  r e f e r e n c e  t u r b i n e ,  s i n c e  i t  cor responds t o  a near  
optimum w i t h  r o t o r  and d i f f u s e r  losses  chang ing  a t  ap-  
p r o x i m a t e l y  equal  b u t  o p p o s i t e  r a t e s  i n  t h e  v i c i n i t y  o f  t h e  
unchanged v a l u e  o f a  s4-' 
6. Rotor  Row E x i t  l nner  ~ i a r n e t e r ,  D b o  T h i s  v a l u e  was a l s o  
unchanged. When i n v e s t i g a t e d  k e e p i n g  t h e  r o t o r  e x i t  annu lus  
a rea  c o n s t a n t  by also v a r y i n g  t h e  o u t e r  d iamete r ,  t h e  o r i g i -  
na l  v a l u e  was conc luded t o  be near  optimum. 
7. Number o f  Nozz le  Row B lades ,  The s e l e c t e d  number of 
n 
n o z z l e  b l a d e s  was 15 w i t h  t h i s  number p r e d i c t e d  t o  c o r r e s -  
pond t o  an  optimum s o l i d i t y ,  ( i n  t h e  f i n a l  e v a l u a t i o n  o f  
t h e  e f f i c i e n c y  of  t h e  r e d e s i g n ,  one o f  t h e  a l t e r n a t i v e  p r e -  
d i c t i o n  procedures  i n d i c a t e d  t h a t  t h i s  number o f  b lades  may 
c o r r e s p o n d  t o  a s o l i d i t y  i n  excess o f  an  optimum.) 
8. Number o f  Rotor B lades ,  Zh. The i n i t i a l  recommendation 
o f  t h e  NREC i n v e s t i g a t o r s  was f o r  10 f u l l  b lades  and 10 
s p l i t t e r s .  However, t h e  NASA p e r s o n n e l ' s  e v a l u a t i o n  o f  t h e  
s e l e c t i o n  r e s u l t e d  i n  a change t o  a tandem row c o n f i g u r a t i o n  
wh ich  was a l s o  approved by NREC on t h e  b a s i s  t h a t  t h e  t u r b i n e  
was t o  be r i g  t e s t e d  and a tandem row c o n f i g u r a t i o n  m i g h t  
r e s u l t  i n  advances i n  t u r b i n e  techno logy .  Whi l e  t h e  p r e -  
d i c t i o n  p rocedures  had i n d i c a t e d  a  sma l l  r e d u c t i o n  i n  r o t o r  
l o s s e s  f o r  a tandem row c o n f i g u r a t i o n  w i t h  an a p p r o p r i a t e  
number o f  b l a d e s  p e r  row, t h e  l a c k  o f  e x p e r i m e n t a l  da ta  t o  
conf i r m  the c h o i c e  o f  such a c o n f i g u r a t i o n  was rega rded  as 
a r e l a t i v e l y  h i g h  r i s k  approach;  per fo rmance d a t d  f o r  a tandem 
row r o t o r ,  however, were agreed t o  be o f  c o n s i d e r a b l e  i n t e r -  
e s t ,  
9. R o t o r  A x i a l  Length,  L The r o t o r  a x i a l  l e n g t h  was reduced so 
by 12 p e r  c e n t ,  W h i l e  not  shown t o  be p a r t i c u l a r l y  s i g n i f i -  
c a n t  i n  terms o f  r o t o r  per fo rmance i n  t h e  p r e l i m i n a r y  ana l y -  
s i s ,  any f u r t h e r  r e d u c t i o n  o f  l e n g t h  c o u l d  have r e s u l t e d  
i n  i n c r e a s e d  b l a d e  l e a n  i n  t h e  v i c i n i t y  o f  t h e  maximum cen-  
t r i f u g a l  r o o t  s t r e s s ,  
10. Vaneless Space R a t i o ,  D Z / ~ = .  T h i s  v a l u e  was unchanged a t  
hi 
1 0  W h i l e  a r e d u c t i o n  was p r e d i c t e d  t o  be m a r g i n a l l y  
b e n e f i c i a l  t o  s t a g e  per fo rmance as a r e s u l t  of vane less  
space l o s s e s ,  t h e  r a t i o  was m a i n t a i n e d  a t  t h e  v a l u e  s e l e c t e d  
f o r  t h e  r e f e r e n c e  t u r b i n e  t o  a v o i d  p o s s i b l e  e f f e c t s  asso-  
c i a t e d  w i t h  n o z z l e  and r o t o r  i n t e r a c t i o n  w i t h  any c l o s e r  
s p a c i n g  of t h e  n o z z l e  row and t h e  r o t o r ,  
AERODYNAM Y C DES l GN 
- 
R o t o r  Des ian  
O b j e c t i v e s  and Approach 
- - -
The p r i n c i p a l  o b j e c t i v e  o f  t h e  aerodynamic d e s i g n  i s  t o  d e f i n e  
t h e  m e r i d i o n a l  f l o w  p a t h  and b l a d i n g  geomet r ies  o f  a tandem row r o t o r o  
Based on an  e v a l u a t i o n  o f  t h e  r e s u l t s  o f  f l o w  ana lyses ,  t h e  geomet r i c  
s p e c i f i c a t i o n  of t h e  r o t o r  must ,  o f  course ,  be c o n s i s t e n t  w i t h  t h e  o v e r -  
a l l  d e s i g n  i n t e n t  o f  d e s i g n i n g  a h i g h  per formance s tage .  
The p r e l i m i n a r y  d e s i g n  a n a l y s i s  had e s t a b l i s h e d  t h e  p r i n c i p a l  
d imens ions  o f  the  r a t o r  t o g e t h e r  w i t h  t h e  i n l e t  and e x i t  f l o w  c o n d i t i o n s ,  
The d e t a i l e d  des ign  phase c o n s i s t e d  o f  an  i t e r a t i v e  p rocedure  mak ing  use 
o f  t h e  compu te r i zed  d e s i g n  methods o u t l i n e d  i n  Appendix  I .  A l t h o u g h  t h e  
p r e l i m i n a r y  des ign  a n a l y s i s  had l e d  t o  t h e  s e l e c t i o n  o f  12 b lades  i n  each 
row, d u r i n g  t h e  d e t a i l e d  des ign  i t  was e s t a b l i s h e d  t h a t  e i t h e r  more b l a d e s  
or a g r e a t e r  a x i a l  l e n g t h  wou ld  be requ i red .  O f  t h e  two a l t e r n a t i v e s ,  t h e  
fo rmer  was s e l e c t e d  and t h e  number o f  b l a d e s  i n c r e a s e d  t o  16 i n  each row, 
The b a s i c  reason f o r  t h e  change was t h a t  t h e  l o a d i n g  ove r  t h e  r e a r w a r d  
p o r t i o n  o f  t h e  f i r s t  row had t o  be reduced be low t h a t  o r i g i n a l l y  t a r g e t t e d  
i n  o r d e r  t o  a v o i d  f l o w  s e p a r a t i o n  f r o m  t h e  s u c t i o n  s u r f a c e  o f  t h e  f i r s t  
b l a d e  row; any s u b s t a n t i a l  s e p a r a t i o n  m i g h t  be expected  t o  o f f s e t  any 
o t h e r  advantage a s s o c i a t e d  w i t h  a tandem row design,  The l o s s  i n  l oad -  
i n g  a s s o c i a t e d  w i t h  s a t i s f y i n g  t h e  b l a d e  end c o n d i t i o n  o f  equal v e l o c i t i e s  
on b o t h  s u c t i o n  and p r e s s u r e  s u r f a c e s  f o r  t h e  f i r s t  row w h i l e  m a i n t a i n i n g  
an a c c e p t a b l e  d i f f u s i o n  r a t e  on t h e  s u c t i o n  s u r f a c e  had been u n d e r e s t i -  
mated i n  t h e  p r e l i m i n a r y  d e s i g n  a n a l y s i s  compar ison o f  tandem row and 
f u l l  b l a d e  c o n f i g u r a t i o n s .  
Fo r  t h e  r e v i s e d  number o f  b l a d e s ,  t h e  d e s i g n  o b j e c t i v e  i n  terms 
of t h e  s u r f a c ?  v e l o c i t y  d i s t r i b u t i o n  i s  shown i n  F i g u r e  9 ;  t h e  v e l o c i t i e s  
shown a r e  f o r  an  o u t e r  c a s i n g  s t reamtube.  The f i n a l l y  s e l e c t e d  m e r i d i o n a l  
f l o w  p a t h  through t h e  r o t o r  was based i n i t i a l l y  on an  a n a l y s i s  i n  wh ich  12 
b lades  were assumed. The o b j e c t i v e  l o a d i n g  f o r  12 b l a d e s  i s  n o t  i l l u s -  
t r a t e d  h e r e i n .  However, t o  a good a p p r o x i m a t i o n  i t  was t h a t  w h i c h  wou ld  
be o b t a i n e d  by l o a d i n g  t h e  f i r s t  b l a d e  row s o  t h a t  t h e  compos i te  l o a d i n g  
w o u l d  approach t h a t  o f  a s i n g l e  b lade .  The r a p i d  u n l o a d i n g  near t h e  
t r a i l i n g  edge o f  t h e  f i r s t  row was subsequen t l y  de te rm ined  t o  be unach iev -  
a b l e  w i t h o u t  a  mass ive  s e p a r a t i o n  o f  t h e  f l o w .  S ince  t h e  mean r e l a t i v e  
and a b s o l u t e  v e l o c i t i e s  f o r  t h e  d e s i g n  wou ld  no t  be q r e a t l y  i n f l u e n c e d  by  
t h e  change i n  t h e  number o f  b l a d e s ,  t h e  r n e r i d i o n a l  f l o w  p a t h  geometry was 
n o t  r e d e f i n e d  f o l l o w i n g  t h e  i n c r e a s e  f r o m  12 t o  16 b lades  p e r  row. 
R o t o r  M e r i d i o n a l  F low P a t h  
The s e l e c t e d  r o t o r  f l o w  p a t h  i s  shown i n  F i g u r e  10. The r o t o r  
t i p  d iamete r ,  t h e  i n l e t  a x i a l  w i d t h ,  the annu lus  d iamete rs  a t  r o t o r  e x i t ,  
and t h e  a x i a l  l e n g t h  o f  t h e  r o t o r  a r e  a s  de te rm ined  by t h e  p r e l i m i n a r y  
a n a l y s i s .  The f i g u r e  shows t h e  a x i a l  l o c a t i o n  o f  t h e  s p l i t  between f i r s t  
and second rows. The hub l i n e  o f  t h e  r o t o r  i s  a s p l i n e  c u r v e  w h i c h  matches 
t h e  s l o p e  o f  s t a t o r  w a l l  a t  r o t o r  i n l e t .  F i g u r e  1 1  shows a  compar ison be- 
tween t h e  r e d e s i g n e d  and t h e  o r i g i n a l  s tages .  I t  w i l l  be seen t h a t  o n l y  
t h e  r o t o r  e x i t  annu lus  d imens ions  a r e  unchanged and t h a t  t h e  ma jo r  r o t o r  
f l o w  p a t h  changes a r e  i n  t h e  d iamete r  o f  t h e  r o t o r ,  a x i a l  l e n g t h ,  and i n  
t h e  d e t a i  1s o f  t h e  i n n e r  and o u t e r  c o n t o u r s .  I t can be seen t h a t  t h e  
r e d e s i g n e d  f l o w  p a t h  has reduced c u r v a t u r e s  a l o n g  t h e  i n n e r  and  o u t e r  con-  
t o u r s .  
The s p e c i f i c a t i o n s  fc j r  t h e  r o t o r  f l o w  p a t h  a r e  g i v e n  i n  T a b l e  
I V .  T h i s  t a b l e  c o n t a i n s  the r ,  z c o o r d i n a t e s  o f  t h e  hub and t h e  o u t e r  con- 
t o u r  o f  t h e  r o t o r ;  a c t u a l  s t a t i o n a r y  c a s i n g  d imensions a r e  ,ob ta ined by  t h e  
a d d i t i o n  o f  c l e a r a n c e  t o  t h e  r o t o r .  The p a i r s  o f  hub and o u t e r  c o n t o u r  
p o i n t s  g i v e n  i n  t h e  t a b l e  co r respond  t o  t he  ends o f  s t r a i g h t - 1  ine e lements  
of t h e  b l a d i n g .  
F i r s t  B l a d e  Row 
W h i l e  t h e  b l a d e  camber l i n e  d e f i n i t i o n  f o r  a s t r e a m l i n e  nea r  
t h e  ou te r  c a s i n g  c o u l d  be computed f r o m  t h e  m e r i d i o n a l  v e l o c i t y  da ta  o f  
p r e c e d i n g  f l o w  a n a l y s e s  and t h e  t a r g e t t e d  l o a d i n g  d i  s t r i b u t i a n ,  t h e  l o a d -  
i n g  a l o n g  t h e  hub st ream1 i ne was c o n s t r a i n e d  by mechanica l  d e s i g n  c o n s i d -  
e r a t i o n s .  The o r i e n t a t i o n s  o f  t h e  s t r a i g h t - l i n e  b l a d e  e lements d e f i n i n g  t h e  
b lade  were  c o n s t r a i n e d  t o  p roduce a m e c h a n i c a l l y  a c c e p t a b l e  b l a d i n g  s t a n -  
dard ;  t h e  f i r s t  row t r a i l i n g  edge l i n e  i s  a p p r o x i m a t e l y  r a d i a l .  A s  a r e -  
s u l t  o f  t h e  c o n s t r a i n t ,  t h e  s p l i t  o f  l o a d i n g  between t h e  rows a l o n g  t h e  
hub l i n e  was i n i t i a l l y  a v a r i a b l e  i n  t h e  d e s i g n  i t e r a t i o n .  The major  
p o r t i o n  o f  the  f l o w  p a t h  was d e r i v e d  u s i n g  t h e  ANALS computer program as 
t h e  d e s i g n  t o o l .  B lade  i n l e t  and e x i t  r e g i o n s ,  however, were f i n a l i z e d  
u s i n g  Program BL2BL as  t h e  f l o w  a n a l y s i s  t o o l .  
The f i n a l l y  s e l e c t e d  b l a d e  geometry i s  d e f i n e d  i n  T a b l e  V .  T h i s  
t a b l e  i s  reproduced f r o m  computer  o u t p u t ;  p o i n t s  o f  c o r r e s p o n d i n g  number 
d e f i n e  s t r a i g h t - l i n e  e lements  t h r o u g h  t h e  mean camber l i n e  o f  i n n e r  and 
o u t e r  s t r e a m l i n e s  w i t h  t h e  t h i c k n e s s  d i s t r i b u t i o n  d e f i n e d  by cones h a v i n g  
t h e  s p e c i f i e d  t h i c k n e s s  a t  t h e  i n n e r  and o u t e r  c o n t o u r  end p o i n t s .  B lade 
i n l e t  and e x i t  a n g l e s  a r e  imp1 i c i  t i n  t h e  s p e c i f i c a t i o n  o f  t h e  b l a d e  camber. 
The c a l c u l a t e d  b l a d e  i n l e t  a n g l e  v a r i e s  f r o m  a p p r o x i m a t e l y  -10 degrees a t  
t h e  hub t o  -13 degrees a t  t h e  o u t e r  c o n t o u r ;  t h u s ,  t h e  amount o f  backs lope  
i n  t h e  r o t o r  i n l e t  i s  r e l a t i v e l y  sma l l  w i t h  t h e  r o t o r  o p e r a t i n g  i n  the  range 
o f  -20 t o  -17 degrees o f  i n c i d e n c e  a t  t h e  d e s i g n  p o i n t .  The c a l c u l a t e d  
d e v i a t i o n s  a t  f i r s t  row e x i t  a r e  r e l a t i v e l y  small as  a r e s u l t  o f  t h e  s p e c i f i -  
c a t i o n  o f  r e l a t i v e l y  1 i g h t l y  l oaded  t r a i l i n g  edge r e g i o n s .  
The c a l c u l a t e d  v e l o c i t y  d i s t r i b u t i o n s  f o r  two s t r e a m l i n e s  near  
t h e  o u t e r  con tou r  and near  t h e  hub a r e  shown i n  F i g u r e s  12 and 13. These 
p l o t s  o f  b lade  s u r f a c e  v e l o c i t i e s  as a f u n c t i o n  of r n e r i d i o n a l  d i s t a n c e  
combi ne da ta  f r o m  Programs BL2BL and ANALS w i  t h  t h e  f o r m e r  used f o r  t h e  
i n l e t  and e x i t  r e g i o n s  and t h e  l a t t e r  f o r  t h e  ma jo r  p o r t i o n  o f  t h e  f l o w  
f i e l d  where t h e  assumpt ions  r e l a t e d  t o  a  channe led  f l o w  a r e  cons ide red  
v a l i d .  The f i g u r e s  demons t ra te  € h a t  d i f f u s i o n  o f  s u c t i o n  s u r f a c e  ve- 
l o c i t i e s  has been c o n t r o l l e d  and  t h a t  p r e s s u r e  s u r f a c e  d i f f u s i o n s  have 
been r e s t r i c t e d  t o  t h e  immediate v i c i n i t y  o f  t h e  l e a d i n g  edge. 
Second ( o r  Tandem) B lade &- Row 
From F i g u r e  10 i t  can be seer, t h a t  t h e  second row can be con-  
s i d e r e d  a s  a x i a l  b l a d i n g  t o  a  good a p p r o x i m a t i o n .  A l t h o u g h  row i n l e t  and 
e x i t  annu lus  d imensions c o r r e s p o n d  t o  t h e i r  b e i n g  p a r t  o f  a  r a d i a l  i n f l o w  
t u r b i n e ,  t h e  r a d i a l  components o f  v e l o c i t y  a t  b o t h  s t a t i o n s  a r e  r e l a t i v e l y  
minor  compared t o  t h e  a x i a l  and t a n g e n t i a l  components o f  v e l o c i t y ,  Hence, 
i f  a  s a t i s f a c t o r y  d i s t r i b u t i o n  o f  l o a d i n g  and s u r f a c e  v e l o c i t y  d i s t r i b u -  
t i o n  could be o b t a i n e d  i g n o r i n g  t h e  r a d i a l  components, i t  i s  reasonab le  
t o  e x p e c t  an  a c c e p t a b l e  d i s t r i b u t i o n  when t h e  r e s u l t a n t  geometry was sub- 
j e c t e d  t o  s tandard  t h r e e - d i m e n s i o n a l  f l o w  a n a l y s i s .  
The program used t o  o b t a i n  t h e  geomet r i c  s p e c i f i c a t i o n s  of  two 
constant r a d i u s  s e c t i o n s  (one near  t h e  c a s i n g  and one near  t h e  hub) i s  an 
NREC computer program based on t h e  S t a n i t z  p r e s c r i b e d  v e l o c i t y  d i s t r i b u *  
t i o n  method of Re fe rence  10. To s e l e c t  t he  p r e s c r i b e d  d i s t r i b u t i o n s  o f  
t h e  datum s e c t i o n ,  t h e  f o l l o w i n g  g u i d e  l i n e s  were e s t a b l i s h e d :  
1 .  The i n l e t  f l o w  a n g l e s  were those  c o r r e s p o n d i n g  t o  t h e  a x i a l  
and t a n g e n t i a l  components o f  v e l o c i t y  a t  t h e  f i r s t  row 
e x i t  a t  t h e  a p p r o p r i a t e  r a d i i .  
2.  The e x i t  a n g l e s  and Mach numbers were as p r e v i o u s l y  e s t a b -  
1 i s h e d  f rorn t h e  p ~ e l  i r r r inary d e s i g n  r e s u l t s .  
3 ,  The v e l o c i t y  d i s t r i b u t i o n s  were b a s i c a l l y  t h o s e  p r e v i o u s l y  
e s t a b l i s h e d  as  o b j e c t i v e s .  
4. The l e a d i n g  edge l o a d i n g  would be  such t h a t  t h e r e  w o u l i  be 
a n e g l i g i b l e  e f f e c t  on t he  i ~ p s t r e a m  f l o w  a n g l e s  w h i c h  wou ld  
be e s t a b l i s h e d  by  t h e  f i r s t  row. 
5. The l o a d i n g  d i s t r i b u t i o n  o v e r  t h e  r e a r w a r d  p o r t i o n  o f  t h e  
a e r o f o i l s  would be such a s  t o  a v o i d  any s e p a r a t i o n .  Hence, 
t h e  d e v i a t i o n  o f  t h e  f l o w  would be p r e d i c t a b l e  by p o r e n t i a l  
f l o w  methods. 
6 .  The s t a c k  o f  t h e  s e c t i o n s  t o g e t h e r  w i t h  the  a rea  t a p e r  r a t i o  
shou ld  be c o n s i s t e n t  w i t h  t h e  o v e r - a l l  mechan ica l  r e q u i r e -  
ments. 
P r o f i l e s  mee t ing  t h e  above r e q u i r e m e n t s  were o b t a i n e d ;  t h e  p r o f i l e s  t o -  
g e t h e r  w i t h  t h e  p r e s c r i b e d  Mach number d i s t r i b u t i o n s  used t o  genera te  
them a r e  shown i n  F i g u r e s  14 a n d  15. U s i n g  these  b a s i c  p r o f i  l e s  and 
assuming s t r a i  ght -1 i n e  g e n e r a t i o n  o f  t h e  c o m p l e t e  second b l a d e  row, t h e  
f l o w  f i e l d  a n a l y s i s  was comple ted  u s i n g  Programs ANALS and BL2BLI The 
c a l c u l a t e d  b l a d e  su r f ace  v e l o c i t y  d i s t r i b u t i o n s  f o r  two s t reamtubes near  
t h e  c a s i n g  and near t h e  hub a r e  shown i n  F i g u r e s  16 and 17; t hese  v e l o c i t y  
d i s t r i b u t i o n s  i n d i c a t e  t h a t  t h e  d e s i g n  i n t e n t  was ach ieved .  
The geomet r i c  s p e c i f i c a t i o n  of t h e  second b l a d e  row i s  p r e s e n t e d  
i n  T a b l e  V I .  The  geomet r i c  d a t a  a r e  g i v e n  f o r  two s t r e a m l i n e s  w i t h  c o r -  
r e s p o n d i n g  camber l i n e  p o i n t s  d e f i n i n g  s t r a i g h t - l i n e  e lements and normal 
t h i c k n e s s  d e f i n i n g  c o n i c a l  t a p e r s .  
I n  t h e  t a b l e  o f  a n g u l a r  c o o r d i n a t e s ,  t h e  r e f e r e n c e  a n g l e  f o r  t h e  
second row i s  a r b i t r a r y ;  f o r  the  f i n a l  d e s i g n  s p e c i f i c a t i o n  c o n t a i n e d  i n  
t h e  r o t o r  d raw ing  t h e  l e a d i n g  edge o f  t h e  second row i s  l o c a t e d  a p p r o x i -  
m a t e l y  midway between t h e  t r a i l i n g  edges o f  t h e  f i r s t  row. 
A l t h o u g h  t h e  two b l a d e  rows were des igned i n d e p e n d e n t l y  i n  terms 
o f  t h e  b l a d e - t o - b l a d e  F low f i e l d  c a l c u l a t i o n s ,  t h e  d e s i g n  approach t o  t h e  
r e a r w a r d  p o r t i o n  o f  t h e  f i  r s t  row and t h e  l e a d i n g  edge r e g i o n  o f  t h e  second 
row was such t h a t  t h e r e  i s  reason  t o  b e l i e v e  t h e  c a l c u l a t e d  s u r f a c e  ve- 
l o c i t y  d i s t r i b u t i o n s  a r e  a c c e p t a b l y  a c c u r a t e .  The b l a d i n g ,  when vieweb 
i n  te rms o f  t h e  stream1 i n e  b l a d e  a n g l e s ,  f = ~ ~ ~ l L ~  shows a c c e p t a b l e  az 
c o n t i n u i t y  between t he  rows; t h i s  can be i n t e r p r e t e d  a s v  h a v i  ng  des igned 
b l a d i n g  w i t h  s m a l l  f l o w  d e v i a t i o n  f rom t h e  f i r s t  row and sma l l  i n c i d e n c e  
a t  t h e  second row. F i g u r e  18 p r e s e n t s  a b l a d e  a n g l e  p l o t  f o r  b o t h  rows 
f o r  a s t r e a m l i n e  near  t h e  o u t e r  c a s i n g ,  
Nozz 1 e Des i gn 
The d e t a i l e d  d e f i n i t i o n  a f  n o z z l e  vanes and m e r i d i o n a l  f l o w  
p a t h  geomet r ies  and t h e  c a l c u l a t i o n  o f  f r e e  s t ream v e l o c i t y  d i s t r i b u t i o n s  
were accompl ished u s i n g  t h e  spproach d e s c r i b e d  i n  Append ix  I .  An i n i t i a l  
vane geometry d e s i g n  was genera ted  f r o m  a  p r e s c r i b e d  d i s t r i b u t i o n  o f  l oad -  
ing .  U s i n g  t h i s  same s p e c i f i c a t i o n  and t h e  m e r i d i o n a l  f l o w  p a t h  shown 
i n  F i g u r e  19 as  i n p u t  t o  t h e  f l o w  a n a l y s i s  program ANALS, a c c e p t a b l e  d i s -  
t r i b u t i o n s  o f  s u r f a c e  v e l o c i t i e s  were o b t a i n e d .  
The s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  shown i n  F i g u r e  20 f o r  t h e  
nozz l e  vanes were o b t a i n e d  u s i n g  t h e  more r i g o r o u s  method o f  Prograni  
BL2BL. Both s u c t i o n  and p r e s s u r e  s u r f a c e s  show c o n t i n u o u s  a c c e l e r a t i o n  
o f  t h e  f l o w  f r o m  i n l e t  t o  e x i t .  The c a l c u l a t e d  d e v i a t i o n  a t  t h e  t r a i l i n g  
edge i s  0.4 degrees,  and t h e  average f l o w  a n g l e  a t  the  l e a d i n g  edge o f  
t h e  r o t o r  was c a l c u l a t e d  t o  e x a c t l y  equa l  t h e  r e q u i r e d  v a l u e  of  74.1 
degrees. 
The s e l e c t e d  n o z z l e  geometry i s  i l l u s t r a t e d  i n  F i g u r e  21; t h e  
p r o f  i l e  c o n s i s t s  of a 6 p e r  c e n t  t h i c k  NAcA-63 a i  r f o i  1 super1imposed on a 
camber l i n e  computed from t h e  p r e s e l e c t e d  vane l o a d i n g  d i s t r i b u t i o n .  The 
geomet r i c  s p e c i f i c a t i o n  o f  tlsre vanes i s  g i v e n  i n  T a b l e  V 1 1 .  t h e  vane b l a d -  
i n g  i s  of  c o n s t a n t  s e c t i o n  i n  t h e  a x i a l  d i r e c t i o n -  
Exhaust D i f f u s e r  Des i gn 
S i n c e  t h e  d imens ions  o f  t h e  t u r b i n e  ro to r  e x i t  annu lus  a r e  un- 
changed ( t h e  exhaust  d i f f u s e r  was c o n s t r a i n e d  t o  match t h e  t e s t i n g  de- 
1 i v e r y  system) and t h e  t o t a l  l eng th  o f  t h e  e x i s t i n g  d i f f u s e r  was c o n s i d e r e d  
a d e q u a t e l y  nea r  optimum, t h e  d e s i g n  o f  the  exhaust d i f f u s e r  c o n s i s t e d  p r i -  
m a r i l y  o f  t h e  c a l c u l a t i o n  o f  f l ow  a r e a  a s  a f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  
r * o t o r  . 
NASA t e s t  d a t a  o f  Reference 1 1  have shown a  d i f f u s e r  des igned 
f o r  a l i n e a r  s t a t i c  p r e s s u r e  r i s e  t o  improve the per fo rmance o f  t h e  e x i s t -  
i n g  BRl l  s tage.  Hence, t h e  d i f f u s e r  of: t h e  s u b j e c t  t u r b i n e  has a l s o  been 
des igned  f o r  a l i n e a r  s t a t i c  p r e s s u r e  r i s e  ove r  t h e  major p o r t i o n  of i t s  
l e n g t h .  A c o n s t a n t  diameter was s e l e c t e d  For t h e  d i f f u s e r  c e n t e r  body 
s i n c e  any resFdua l  s w i r l  w i l l  a d v e r s e l y  a f f e c t  t h e  per fo rmance o f  an annu- 
l u s  d i f f u s e r  h a v i n g  a  r e d u c i n g  v a l u e  o f  i n s i d e  d iameter .  Hence, t h e  d i f -  
f u s e r  aerodynamic d e s i g n  e f f o r t  c o n s i s t e d  of t h e  c a l c u l a t i o n  o f  t h e  o u t s i d e  
d iamete r  fo r  assumed va lues o f  t o t a l  and s t a t i c  p r e s s u r e  as  a f u n c t i o n  
o f  a x i a l  l e n g t h .  S i n c e  t h e  a v a i l a b l e  l e n g t h  exceeded t h a t  necessary  fo r  
t h e  g e n e r a l l y  accep ted  opt imum d i f f u s i o n  a n g l e ,  an i n i t i a l  s e c t i o n  o f  1.25 
i n  (3.175 cm) was des igned f o r  a c o n s t a n t  s t a t i c  p r e s s u r e ,  and t h e  f i n a l  
e x i t  s e c t i o n  o f  1.0 i n  (2 .54  cmj was s e l e c t e d  t o  p r o v i d e  a  smooth t r a n s i -  
t i o n  t o  t h e  e x i s t i n g  d e l i v e r y  duc t ing .  Over t h e  l i n e a r  s t a t i c  p r e s s u r e  
p o r t i o n  o f  t h e  d i f f u s e r  t h e  s t a t i c ' p r e s s u r e  was assumed t o  va ry  between 
t h e  d i f f u s e r  i n l e t  and e x i t  s t a t i c  p r e s s u r e  va lues  de te rm ined  d u r i n g  t h e  
p r e l i m i n a r y  d e s i g n  a n a l y s i s  (see T a b l e  I l I } .  S i m i l a r l y ,  t h e  l i n e a r  d rop  
o f  t o t a l  p r e s s u r e  t h r o u g h  t h e  d i f f u s e r  i s  between t h e  t o t a l  p r e s s u r e  v a l -  
ues e s t a b l i s h e d  d u r i n g  t h e  p r e l  i m i n a r y  des ign .  
The geomet r i c  s p e c i f i c a t i o n  o f  t h e  d i f f u s e r  i s  g i v e n  i n  Tab le  
v i 1 1 .  
Inlet S c r o l l  Des ign  
The s c r o l l  was des igned  t o  match an e x i s t i n g  5 i n  d iamete r  i n -  
l e t  d u c t .  The d e s i g n  p r o c e d u r e  used i s  t h a t  d e t a i l e d  i n  Append ix  1 w i t h  
t h e  t y p e  o f  s c r o l l  geometry i l l u s t r a t e d  i n  F i g u r e  22. S i n c e  t h e  n o z z l e  
row i n l e t  d imensions have been changed c o n s i d e r a b l y  i n  t h e  r e d e s i g n  t u r -  
b i n e  compared w i t h  t h o s e  o f  t h e  r e f e r e n c e  t u r b i n e ,  a m a j o r  change i n  t h e  
s c r o l  l de ta  i l was r e q u  i red.  I t was dec ided  t o  des i gn f o r  a move compact 
s c r o l l n  As a r e s u l t  o f  t h e  more compact des ign  t h e  t a n g e n t i a l  d i s t a n c e  
between t h e  c e n t e r  l i n e  o f  t he  i n l e t  d u c t i n g  and t h e  a x i s  o f  t h e  t u r b i n e  
was reduced,  T h i s  change can be r e a d i l y  accommodated on t h e  t u r b i n e  t e s t  
s tand.  
Even though t h e  :: . s s u r e  l o s s  i n  t h e  i n l e t  s c r o l l  i s  p r e d i c t e d  
t o  tiave 1 i t t l e  e f f e c t  on  tilt o v e r - a l l  per fo rmance o f  t h e  s tage ,  t h e  p r e -  
v i o u s l y  computed l o s s  was i n c l u d e d  i n  the c a l c u l a t i o n  o f  s c r o l l  a reas .  
The a r e a  and mean r a d i u s  schedu les  f o r  t h e  s c r o l l  were c a l c u l a t e d  t o  be 
c o n s i s t e n t  w i t h  t h e  d e s i g n  i n t e n t  o f  a c i r c u m f e r e n t i a l l y  ~ n i f o r m  d i s t r i -  
b u t i o n  o f  s t a t i c  p ressu re  and r a d i a l  component o f  v e l o c i t y  a t  nozzle row 
i n l e t .  
The geomet r i c  s p e c i f i c a t i o n  o f  the i n l e t  s c r o l l  i s  g i v e n  i n  
T a b l e  I X .  
Boundary-Layer Ana 1 ys i s  
Two-dimensional  boundary - l aye r  c a l c u l a t i o n s  were under taken  f o r  
r e p r e s e n t a t i v e  s u r f a c e s  o f  t h e  r o t o r  and t h e  nozzle row. The procedure  
used was t h a t  o u t l i n e d  i n  Append ix  I ;  the computer program used was Pro- 
gram B I A N C A  o f  Re fe rence  12. F o r  t h e  r o t o r ,  e i g h t  s u r f a c e  e lements were 
a n a l y z e d  c o r r e s p o n d i n g  t o  p r e s s u r e  and s u c t i o n  s u r f a c e s  of hub and c a s i n g  
s t reamtubes f o r  b o t h  b l a d e  rows. For the n o z z l e  row, two s t r e a m  s u r f a c e s  
c o r r e s p o n d i n g  t o  the p r e s s u r e  and s u c t i o n  s u r f a c e  were ana lyzed.  
These b o u n d a r y - l a y e r  c a l c u l a t i o n s  i g n o r e  t h e  e f f e c t  o f  c r o s s  
f l o w s ;  t h a t  i s ,  t h e  m i g r a t i o n  o f  low momentum boundary l a y e r s  i n  d i r e c t i o n s  
o ther  than  t h e  f r e e  s t ream d i r e c t i o n  o f  t h e  i n v i s c i d  f l o w  f i e l d .  However, 
two secondary f l o w  parameters ,  Cp and I: , were a l s o  c a l c u l a t e d  t o  
p r o v i d e  a q u a l i t a t i v e  i n d i c a t i o n  o f  t h e  magn i tude o f  secondary f l o w  
e f F e c t s ,  The F i r s t  o f  t hese  parameters  serves  an an index  F o r  end wal l f l o w  
and,  i n  the  case  o f  t h e  r o t o r ,  t i p  Icalcagc, The second serves  as an index  
For boundary - l aye r  f l o w  m i g r a t i o n  on b l a d e  su r faces ,  
R o t o r  Da ta  
- 
F i g u r e s  23, 24, 2 5 ,  and 26 p r e s e n t  t h e  r e s u l t s  o f  t h e  boundary-  
l a y e r  a n a l y s i s  f o r  t h e  f i r s t  row of r o t o r  b l a d i n g .  Each f i g u r e  c o n t a i n s  
two s e t s  o f  n o r m a l i z e d  momentum thickness and shape f a c t o r  t o g e t h e r  w i t h  
t h e  r e l e v a n t  secondary f l o w  parameter  f o r  t h e  f l o w  r e g i o n  cons ide red ,  
F i g u r e s  27, 28, 29, and 30 p r e s e n t  c o r r e s p o n d i n g  d a t a  f o r  t h e  second 
row. I n  o n l y  one case was s e p a r a t i o n  p r e d i c t e d ,  t h i s  b e i n g  f o r  t h e  suc- 
t i o n  s u r f a c e  o f  the f i r s t  b l a d e  row a t  t h e  hub s t reamtube.  However, s i n c e  
t h e  secondary f l o w  w i l l  be away f r o m  t h i s  r e g i o n  o f  t h e  b l a d e ,  s e p a r a t i o n  
may n o t  i n  f a c t  occu r .  Converse l y ,  t h e  f l o w  o f  low momentum f l u i d  t o  ad -  
j a c e ~ t  s t reamtubes c o u l d  cause t h e  s e p a r a t i o n  r e g i o n  t o  extend,  I n  e i t h e r  
e v e n t  f l o w  s e p a r a t i o n  i s  n o t  l i k e l y  t o  r e s u l t  i n  any l a r g e  e f f i c i e n c y  
p e n a l t y  s i n c e  t h e  rea rward  p o r t i o n  o f  t h e  f i r s t  row was i n t e n t i o n a l l y  
1 i g h t l y  loaded. 
W h i l e  t h e  da ta  p r e s e n t e d  i n  F i g u r e s  23 t h r o u g h  30 s e r v e  p r i n -  
c  i p a l  l y  t o  i 1 1  u s t r a t e  t h e  b e h a v i o r  o f  t h e  boundary l a y e r s  i n  t h e  r o t o r ,  
t h e  d a t a  have been used f o r  t h e  d e s i g n - p o i n t  per fo rmance p r e d i c t i o n  d i s -  
cussed l a t e r .  One t e n t a t i v e  c o n c l u s i o n  w h i c h  c a n  be drawn f r o m  t h e  
boundary - l aye r  a n a l y s i s  i s  t h a t  t h e  r o t o r  d e s i g n  s t i l l  does no t  c o n s t i -  
t u t e  an  optimum c o n f i g u r a t i o n  even though i t  i s  expec ted  t o  o u t p e r f o r m  
t h e  r e f e r e n c e  r o t o r .  Based on a compar ison o f  da ta  f r o m  t h e  f i r s t  and 
second rows, i t  wou ld  appear  p r o b a b l e  t h a t  a c o n f i g u r a t i o n  u s i n g  more 
b l a d e s  i n  t h e  f i r s t  row and fewer  b l a d e s  i n  t h e  second row wou ld  r e s u l t  
i n  lower  r o t o r  l o s s e s .  Thus ,  a  tandem row des ign  i n  wh ich  t h e  number o f  
b l a d e s  i n  t h e  f i r s t  row i s  t w i c e  t h a t  o f  t h e  second row i s  recommended 
f o r  any  f u r t h e r  i n v e s t i g a t i o n  o f  tandem row r a d i a l  i n f i o w  t u r b i n e  r o t o r s .  
Nozz 1 e  Row Data 
F i g u r e s  31 ,  32,  and 33 p r e s e c t  r e s u l t s  o f  boundary - l aye r  ana ly -  
ses  f o r  the  n o z z l e  row. I n  t h e  case  o f  t h e  n o z z l e  row t h e  da ta  a r e  expec ted  
t o  be a p p r o x i m a t ~ l y  equal  f o r  t h e  f o r w a r d  and rea rward  end w a l l s .  As  was 
t o  be expec ted  from t h e  p r e v i o u s l y  d i s c u s s e d  s u r f a c e  v e l o c i t y  d i s t r i b u -  
t i o n s ,  r e l a t i v e i y  low va lues  o f  n o r m a l i z e d  momenti~m t h i c k n e s s  and shape 
f a c t o r  a r e  p r e d i c t e d  f o r  t h e  s u r f d c e s  o f  t h e  n o z z l e  row. However, t h e  
da ta  have been used t o  c a l c u l a t e  a row t o t a l  p r e s s u r e  l o s s  f r o m  wh ich  i t 
i s  i n f e r r e d  t h a t  t h e  s e l e c t e d  s o l i d i t y  o f  t h e  n o z z l e  row i s  i n  excess o f  
an opt imum va lue ,  
Des ian -Po in t  E f f i c i e n c y  E s t i m a t e  
F o l l o w i n g  the  c o m p l e t i o n  o f  t h e  aerodynamic d e s i g n  o f  t h e  noz-  
z l e  and r o t o r  rows and t h e  boundary - l aye r  ana lyses  d i s c u s s e d  above, a  
r e e v a l u a t i o n  o f  d e s i g n - p o i n t  per fo rmance i s  p o s s i b l e ,  T o t a l  p r e s s u r e  
l o s s  c o e f f i c i e n t s  f o r  t h e  n o z z l e  row and t h e  r o t o r  were o b t a i n e d  u s i n g  
t h e  p rocedure  p resen ted  i n  Re fe rence  13.  I n  t u r n ,  t hese  l osses  can be 
expressed a s  e f f i c i e n c y  decrements f o r  compar ison w i t h  t h e  va lues  o b t a i n e d  
a t  t h e  c o m p l e t i o n  o f  t h e  p r e l i m i n a r y  d e s i g n  phase. The f o l l o w i n g  t a b u l a -  
t i o n  p r e s e n t s  t h e  compar ison and a l s o  i n c l u d e s  t h e  d i f f u s e r  decrements 
wh ich  were n o t  r e e v a l  s s t e d .  
E f f i c i e n c y  Decrement 
Component 
S t a t o r  
R o t o r  
D i f f u s e r  
To ta  1 
P r e l  i m i  n a r y  Des i qn F i n a l  Des ign  
0.0161 0. 031:. 1 
0.0402 0.0440 
0.0137 0.0137 
0.0700 0.0918 
The s t a t o r  compr ises t h e  i n l e t  s c r o l l ,  t h e  n o z z l e  row, and t h e  vane less  
space between t h e  n o z z l e  row e x i t  and t h e  r o t o r  i n l e t .  The above t o t a l  
decrements y i e l d  e f f i c i e n c i e s  based on o v e r - a l l  s c r o l l  i n l e t  t o t a l  p r e s -  
su re  t o  d i f f u s e r  e x i t  s t a t i c  p r e s s u r e  o f  93 and 90.82 pe r  c e n t ,  respec- 
t i v e l y .  I f  i t  i s  assumed t h a t  t h e  more r i g o r o u s  l o s s  a n a l y s i s  under taken  
f o l l o w i n g  t h e  c o m p l e t i o n  o f  t h e  d e t a i l e d  aerodynamic d e s i g n  i s  a more r e -  
l i a b l e  e s t i m a t e  o f  l o s s  t h a n  t h a t  under taken  d u r i n g  t h e  f i n a l  des ign ,  t h e  
per fo rmance improvement compared w i t h  t h e  e x i s t i n g  d e s i g n  w i l l  be 2 r a t h e r  
than 4 percentage p o i n t s .  Whi l e  t h e  h i g h e r  l o s s  i n  t h e  r o t o r  can be  t r a c e d  
t o  t h e  i n c r e a s e  i n  t h e  number o f  r o t o r  b l a d e s ,  t h e  more s i g n i f i c a n t  change 
i s  t h a t  i n  t h e  p r e d i c t i o n  o f  t h e  s t a t o r  sys tem (and i n  p a r t i c u l a r  t h e  noz- 
z l e  row) l o s s  and i s  l e s s  r e a d i l y  exp la ined ,  Which o f  t h e  two a l t e r n a t i v e  
p r e d i c t i o n  procedures  w i l l  p r e d i c t  most a c c u r a t e l y  t h e  t o t a l  p r e s s u r e  l o s s  
i n  t h e  n o z z l e  row w i l l  have t o  be de te rm ined  f r o m  t u r b i n e  r i g  t e s t s ,  I t  
shou ld  be n o t e d  t h a t  b o t h  p r e d i c t i o n  methods a r e  t h e  r e s u l t  o f  a d a p t i n g  
e x i s t i n g  methods f o r  o t h e r  tu rbomach ine ry  components t a  t he  n o z z l e  row 
of  a r a d i a l  in=low t u r b i n e  and t h e  p a r t i c u l a r  case  o f  a row ac ross  w h i c h  
t h e r e  i s  a s i g n i f i c a n t  r e d u c t i o n  i n  b l a d e  height-. W h i l e  t h e  p r e d i c t i o n  
procedure  used i n  t h e  p r e l i m i n a r y  d e s i g n  i n d i c a t e d  t h a t  15 b \ a d e s  was an  
optimum f o r  t h e  n o z z l e  row, t h e  l o s s  d e r i v e d  f r o m  boundary - l aye r  a n a l y s i s  
can be i n t e r p r e t e d  as an i n d i c a t i o n  t h a t  t h i s  number exceeds t h e  optimum. 
MECHAN l CAL DES l G N  
I n t r o d u c t i o n  
The d e t a i  l e d  mechan ica l  d e s i g n  was c a r r i e d  o u t  such t h a t  t h e  
research  p a r t s  a r e  c o n s i s t e n t  w i t h  t h e  e x i s t i n g  b e a r i n g  h o u s i n g  and s t a n d  
and w i  1 1  meet t h e  package and i n t e r f a c e  r e q u i  rements o f  t h e  BRU, as de- 
f i n e d  i n  Reference 2. The v a r i o u s  pt-acedures adopted i n  t h e  mechan ica l  
des ign  ana lyses  a r e  documented i n  Appendix  I I .  
The t u r b i n e  research  p a r t s  were des igned  f o r  ease o f  assembly 
so t h a t  a1 t e r a t i o n  and/or  rep lacement  o f  t h e  r o t o r ,  s t a t o r  b l e d e  row, and 
e x i t  d i f f u s e r  a r e  f a c i l i t a t e d ,  An o u t l i n e  d raw ing ,  showing i n t e r f a c e  To- 
c a t i o n s  and u s e f u l  over -a1  I d imens ions ,  i s  p r o v i d e d  i n  reduced s i z e  form 
i n  Appendix  I l l ,  w h i c h  a l s o  c o n t a i n s  r e p r o d u c t i o n s  o f  a l l  drawings  r e f e r r e d  
t o  below.  The s t r e s s  a n a l y s i s  o f  t h e  r o t o r  was pe r fo rmed  t o  e s t a b l i s h  an 
adequate overspeed s a f e t y  marg in  under hot d e s i g n  c o n d i t i o n s .  
A c r i t i c a l  speed and b e a r i n g  l o a d  a n a l y s i s  o f  the  r o t o r  system 
was pe r fo rmed  t o  i n s u r e  t h a t  c r i t i c a l  speeds a r e  o u t  o f  t h e  10,000 t o  
35,000 rpm range f o r  per fo rmance t e s t i n g  and t h a t  t h e  bend s h a f t  c r i t i -  
c a l  o c c u r s  above 120 p e r  cent  o f  t h e  maximum o p e r a t i n g  speed. The b u r s t  
speed o f  t h e  i m p e l l e r  d i s k  a t  des ign  tempera tu re  was v e r i f i e d  t o  be above 
140 p e r  c e n t  o f  d e s i g n  speed* Peak s t e a d y - s t a t e  dynamic r o t o r  s t r e s s e s  
a t  120 p e r  c e n t  o f  d e s i g n  speed were c a l c u l a t e d  t o  be  be low the  0.2 p e r  
cent  y i e l d  s t r e n g t h  f o r  t h e  r o t o r  d i s k  m a t e r i a l ,  i n c l u d i n g  t h e  e q u i v a -  
l e n t  s t r e s s e s  i n  t he  b l a d e  a t tachmen t  a reas .  Extreme o p e r a t i n g  c o n d i -  
t i o n s  were  e v a l u a t e d  t o  assu re  t h a t  b l a d e  t i p  c lea rance ,  s t r e s s ,  and 
ba lance  c o n d i t i o n s  a r e  a c c e p t a b l e .  
0 l ade  s t r e s s e s  due t o  r o t a  t i an, aerodynamic 1 oad i ng, and tem- 
p e r a t u r e  were evajcrated and a Goodman d iagram p l o t t e d  t o  de te rm ine  t h e  
marg in  o f  s a f e t y  f o r  a l t e r n a t i n g  s t r e s s .  A  Gampbell d iagram was p l o t t e d  
t o  c o n f i r m  nonresonant  o p e r a t i o n  f rom 40 t o  120 p e r  c e n t  o f  d e s i g n  speed. 
T h e  des ign  was p r o v i d e d  w i t h  a l l  i n s t r u m e n t a t i o n  r e q u i r e d  w i t h  
l o c a t i o n s  c o n s i s t e n t  w i t h  t h e  s p e c i f i e d  requ i remen ts .  
T u r b i n e  S c r o l l  and N o z z l e  Des ian  
The t u r b i n e  s c r o l l  and n o z z l e  r i n g  were des igned t o  meet t h e  
t e s t  o p e r a t i n g  c o n d i t i o n s  s p e c i f i e d  f o r  component t e s t i n g  w h i c h  i n c l u d e d  
t u r b i n e  i n l e t  t empera tu re  up t o  150 deg F (338 deg K) and an  i n l e t  p r e s -  
2 
s u r e  range  f r o m  10 m i c r o n s  o f  mercu ry  t o  60 p s i a  (414 kN/m ) ,  The i n l e t  
f l a n g e  was des igned t o  i n t e r f a c e  w i t h  t h e  s tub-end f l a n g e  as s p e c i f i e d  i n  
A iPesearch  Drawing No. 699770, C a l c u l a t i o n s  o f  bo th  maximum s t r e s s  and 
a x i a l  d e f l e c t i o n  were per fo rmed,  and r e s u l t s  i n d i c a t e d  va lues  t o  be w e l l  
w i t h i n  a c c e p t a b l e  l i m i t s  f o r  t h e  m a t e r i a l s  s e l e c t e d .  
H a s t e l l o y  X was s e l e c t e d  as t h e  m a t e r i a l  and a  we lded sheet  
me ta l  d e s i g n  was e s t a b l  i s h e d  i n  o r d e r  t o  m i n i m i z e  t o o l  i n g  changes and 
m a i n t a i n  c o m p a t i b i l i t y  w i t h  r e q u i r e m e n t s  f o r  t h e  BRU as  d e f i n e d  i n  R e f -  
e rence 2, M ino r  changes i n  t h e  i n l e t  l i n e  l o c a t i o n  were c o o r d i n a t e d  
w i t h  t h e  NASA P r o j e c t  Manager i n  o r d e r  t o  i n c o r p o r a t e  a  scrol  1 d e s i g n  
wh ich  m i n i m i z e s  the  vane less  a n n u l a r  space upstream o f  t h e  n o z z l e  vane 
i n l e t  and hence ha= a s m a l l e r  maximum d iamete r  t h a n  t h a t  shown i n  R e f e r -  
ence 2. The r e v i s e d  l o c a t i o n  ~ i '  t h e  s c r o l l  i n l e t  f l a n g e  i s  d e f i n e d  i n  
t h e  r e s e a r c h  t u r b i n e  assembly o u t l i n e  ( ~ r a w i n g  Nco 1159-R-003). 
The t u r b i n e  s c r o l l  i n l e t  s e c t i o n  between t h e  i n l e t  f l a n g e  and 
t h e  s c r o l l  e n t r a n c e  s t a t i o n  was c a r e f u l  l y  des igned t o  p r o v i d e  a smooth 
a r e a  t r a n s i t i o n  f r o m  t h e  5 i n  (12,7 cm) d iamete r  c i r c u l a r  i n l e t  a r e a  t o  
t h e  i n i t i a l  t y p i c a l  c i - o s s - s e c t i o n a l  a rea  a t  t he  0  degree s c r o l l  e n t r a n c e  
s t a t i o n  as shown i n  F i g u r e  34. D e t a i l s  of t h e  t r a n s i t i o n  can be seen i n  
 he s c r o l l  f a b r i c a t i o n  assembly d r a w i n g  ( ~ r a w i n g  No. 1159-R-006). 
P r imary  emphasis was p l a c e d  on ease o f  assembly and a l t e r a t i o n  
or rep lacement  o f  component p a r t s  as can be seen i n  t h e  c r o s s - s e c t i o n  
p r o v i d e d  i n  t h e  r e s e a r c h  t u r b i n e  package assembly d r a w i n g  (Drawing 
No. 1159-R-OO?). The s c r o l l  i s  b o l t e d  d i r e c t l y  t o  t h e  b e a r i n g  hous ing  
w i t h  a s h i m  ground t o  s i z e  and p l a c e d  under t h e  s c r o l l  moun t ing  f l a n g e  
t o  e s t a b l  i s h  t h e  r o t o r  o p e r a t i n g  c l e a r a n c e  o f  0.009 t o  0,011 i n  (0.0229 
t o  0.0279 cm) .. P r o v i s i o n s  were  made such t h a t  t h e  t u r b i n e  r o t o r ,  t u r b i n e  
n o z z l e  r i n g ,  and t u r b i n e  exhaus t  s t a t i o n a r y  shroud, i n c l u d i n g  t h e  d i f f u s e r  
s e c t i o n  can a l l  be i n s t a l l e d  or  removed w i t h o u t  d i s t u r b i n g  t h e  s c r o l l  as -  
sembly. 
Roto r  Mechani ca 1 Des i qn 
R o t o r  S w - S t a t e  Heat  T r a n s f e r  C o e f f i c i e n t s  
R o t o r  s t e a d y - s t a t e  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  B i o t  number, and 
a d i a b a t i c  w a l l  t empera tu res  a r e  r e q u i r e d  t o  c a l c u l a t e  r o t o r  m e t a l  s u r f a c e  
tempera tu res  wh ich  a r e  used, i n  t u r n ,  t o  p r e d i c t  t h e  tempera tu re  d i s t r i b u -  
t i n g  w i t h i n  t h e  r o t o r .  F o r  a n a l y s i s  purposes ,  t h e  r o t o r  i s  s u b d i v i d e d  
i n t o  d i s c r e t e  s u r f a c e  a reas ,  as  i n d i c a t e d  i n  F i g u r e  35, and h e a t  t r a n s f e r  
c o e f f i c i e n t s  a r e  c a l c u l a t e d  based upon known and/or  assumed boundary con- 
d i  t i o n s .  For t h e  d i s k  s u r f a c e s ,  such as BC, C D ,  and EF i n  F i g u r e  35,  t h e  
h e a t  t r a n s f e r  c o e f f i c i e n t  depends upon t h e  Reynolds and P r a n d t l  number 
and i s  c a l c u l a t e d  b y  means o f  e q u a t i o n s  d e r i v e d  e m p i r i c a l l y  f o r  h i g h  ve- 
l o c i t y  f l o w ,  the  g e n e r a l  e x p r e s s i o n  f o r  w h i c h  i s  as f o l l o w s :  
where i s  f l u i d  c o n d u c t i v i t y  
f i s  d e n s i t y  
w i s  r e l a t i v e  v e l o c i t y  
i s  v i s c o s i t y  
f i s  r a d i u s  
pf i s  P r a n d t l  number 
A, i s  e f f e c t i v e  h e a t  t r a n s f e r  a r e a  
A ~ ~ s K  i s  s u r f a c e  a rea  o f  d i s k  
and flC i s  s t a n d a r d  h e a t  t r a n s f e r  c o e f f i c i e n t .  
Fo r  t h e  a r e a s  where b l a d e s  e x i s t ,  such as s u r f a c e  DE i n  F i g u r e  
35, t h e  su r face  i s  t r e a t e d  as a f i n n e d  s u r f a c e  and t h e  a d d i t i o n a l  h e a t  
tran!;fe~- i s  accounted f o r  by a c o r r e c t i o n  t o  t h e  s t a n d a r d  h e a t  t r a n s f e r  
c o e f f i c i e n t  based upon t h e  a p p r o p r i a t e  a r e a  r a t i o  as i n d i c a t e d  i n  t h e  
above e q u a t i o n s .  
I n  the r o t o r  a t t a c h m e n t  a rea ,  A B  i n  F i g u r e  35, the h e a t  t r a n s -  
f e r  c o e f f i c i e n t  i s  assumed t o  be s i m p l y  t h e  r a t i o  o f  m e t a l  c o n d u c t i v i t y ,  
~ e t ?  d i v i d e d  by the  l e n g t h  o f  t h e  a t tachmen t  s u r f a c e  o r  h e a t  t r a n s f e r  
pa th ,  L , and t h e  h e a t  f l u x  i s  c a l c u l a t e d  i n  t h i s  a rea f rom the boundary 
tempera ture  c o n d i t i o n s ,  one o f  wh ich  i s  assumed t o  be t h e  tempera ture  
of t h e  s h a f t  a t  t h e  b e a r i n g  l o c a t i o n .  
A f t e r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  has been computed, the  h e a t  
t r a n s f e r  between t he  f l u i d  and t h e  s o l i d  body i s  f u r t h e r  d e s c r i b e d  i n  t h e  
a p p r o p r i a t e  areas  o f  F i g u r e  35 by t h e  s t a n d a r d  dimens i o n l e s s  g r o u p i n g  o f  
v a r i a b l e s  f u r t h e r  i d e n t i f i e d  a s  t h e  B i o t  number and d e f i n e d  as 
where Ref+ is  e f f e c t i v e  heat  t r a n s f e r  c o e f f i c i e n t  
f.. i s  o u t s i d e  r a d i u s  o f  d i s k  
a n d  Kmet i s meta 1 conduct  i v i  ty. 
F i n a l l y ,  a d i a b a t i c  w a l l  t empera tu re  i s  r e e v a l u a t e d  from t h e  
genera l  equa t ions  
where 
The a d i a b a t i c  w a l l  t e m p e r a t u r e , x k (  , i s  based upon t h e  tempera ture  a s -  
sumed by an i n s u l a t e d  p l a t e  when exposed t o  a h i g h  v e l o c i t y  h o t  gas st ream. 
The r e c o v e r y  f a c t o r ,  f y  , assumes a t u r b u l e n t  boundary l a y e r  a s s o c i a t e d  
w i t h  h i g h  v e l o c i t y  f l o w  and i s  based upon P r a n d t l  n i~mbers i n  t h e  range 
between 0.5 and 2,O. The v a r i a b l e s  i n  t h e  above e q u a t i o n  a r e  l o c a l  s t a t i c  
tempera ture ,  fa, l o c a l  r e l a t i v e  v e l o c i t y ,  W , f l u i d  s p e c i f i c  hea t  a t  
c o n s t a n t  p ressu re ,  CP , and P r a n d t l  number, Pf a 
For  the b l a d e s  p o r t i o n  of t h e  d i s k ,  DE, r e l a t i v e  v e l o c i t y  and 
s t a t i c  tempera tures  a r e  e v a l u a t e d  a t  p o i n t s  a l o n g  t h e  mid-stream1 i ne o f  
t h e  b l a d e  passage. R e l a t i v e  v e l o c i t y  on t h e  back, or unbladed p o r t i o n  of 
t h e  d i s k ,  BC, i s  assumed t o  be  one h a l f  o f  t he  l o c a l  d i s k  t a n g e n t i a l  ve- 
l o c i  t y .  
A summary o f  t h e  r e s u l t s  o f  t hese  c a l c u l a t i o n s  i s  p r o v i d e d  i n  
T a b l e  X ,  w h i c h  1 i s t s  the  B i o t  number and a d i a b a t i c  w a l l  t empera tu re  a s  a  
f u n c t i o n  o f  r a d i u s  f o r  t h e  v a r i o u s  s u r f a c e  a r e a s  o f  the t u r b i n e  r o t o r .  
C a l c u l a t i o n  o f  Temperature 
D i s t r i b u t i o n  -- i n  R o t o r  
The r o t o r  a d i a b a t i c  w a l l  t empera tu re  and B i o t  number d a t a  were 
used t o  de te rm ine  t he  tempera tu re  d i s t r i b u t i o n  b o t h  on the s u r f a c e  and 
i n t e r - n a l  tempera tures  o f  t h e  r o t o r .  The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  
p l o t t e d  i n  F i g u r e  36, w h i c h  shows c o n s t a n t  t empera tu re  l i n e s  p l o t t e d  on 
a c r o s s - s e c t i o n  o f  t h e  r o t o r  d i r k ,  The a n a l y s i s  was pe r fo rmed  u s i n g  
Program THERMAL STRESS o f  Re fe rence  4 .  
Thermal and Mechan ica l  D i s k  S t r e s s  
- 
An a n a l y s i s  o f  d i s k  s t r e s s e s  and d e f l e c t i o n s  was a l s o  per fo rmed 
w i  t h  t h e  use  o f  Program THERMAL STRESS,  which produces r e s u l  t s  based upon 
t h e  geometry,  o p e r a t i n g  speed, and tempera tu re  c o n d i t i o n s  p r o v i d e d .  Both  
r a d i a l  and t a n g e n t i a l  s t r e s s e s  were c a l c u l a t e d  and these  a r e  shown as a 
f u n c t i o n  o f  r a d i u s  i n  F i g u r e s  37, 38, and 39 f o r  100 p e r  c e n t ,  120 p e r  
c e n t ,  and 140 per  c e n t  speed, r e s p e c t i v e l y .  Rad ia l  and t a n g e n t i a l  s t r e s s  
d i s t r i b u t i o n s  a r e  a l s o  shown i n  F i g u r e s  40 and 41, r e s p e c t i v e l y , ,  f o r  t h e  
100 p e r  c e n t  speed c o n d i t i o n .  A l l  o f  t h e  above i n f o r m a t i o n  i s  p r o v i d e d  a t  
des ign  o p e r a t i n g  tempera tu res  o f  the BRU r a t h e r  t h a n  t h e  t u r b i n e  s t a g e  r e -  
search package* 
The s e l e c t e d  m a t e r i a l  f o r  the r o t o r  i s  l n c o n e l  A l l o y  713LC; 
t h i s  was t h e  m a t e r i a l  s e l e c t i o n  f o r  t he  o r i g i n a l  t u r b i n e  a l s o .  B e f o r e  
making t h e  d e c i s i o n  t o  r e t a i n  t h e  m a t e r i a l  s p e c i f i c a t i o n  o f  Reference 2, 
o t h e r  m a t e r i a l s  were a l s o  e v a l u a t e d o  T a b l e  X I  l i s t s  the p r o p e r t i e s  of 
t h e  m a t e r i a l s  cons ide red .  Re fe rence  t o  t h e  p r o p e r t i e s  o f  713LC shown i n  
Tab le  X I  and t h e  s t r e s s  d a t a  i n  F i g u r e s  37 t h r o u g h  41 w i  11 show t h a t  
t h e r e  a r e  no advantages a s s o c i a t e d  w i t h  a change  i n  t he  r o t o r  m a t e r i a l  
n o r  i s  a change necessary t o  meet t h e  t u r b i n e  1 i f e  o b j e c t i v e ,  I t i s  e v i -  
dent  t h a t  t h e  r o t o r  d e s i g n  e a s i  1y s a t i s f i e s  the requ i remen ts  t h a t  t h e  
maximum s t e a d y - s t a t e  dynamic d e s i g n  s t r e s s  a t  120 p e r  c e n t  be l e s s  t h a n  
t h e  0.2 p e r  cen t  y i e l d  s t r e n g t h  and t h a t  t h e  b u r s t  speed o f  t h e  r o t o r  
t e s t i n g ,  based upon m a t e r i a l  u l t i m a t e  s t r e n g t h ,  s h a l l  be above 140 p e r  
cen t  o f  the des ign  speed. E q u i v a l e n t  s t r e s s ,  as u s u a l l y  d e f i n e d ,  i s  
shown i n  F i g u r e  42 as a f u n c t i o n  o f  r a d i u s  f o r  b o t h  t h e  f r o n t  and back  
faces of  t h e  d i s k  a t  120 p e r  c e n t  speed and d e s i g n  o p e r a t i n g  tempera tu re ,  
C a l c u l a t e d  v a l u e s  o f  ave rage  t a n g e n t i a l  s t r e s s  a r e  p r o v i d e d  i n  
Tab le  X I 1  for- 100, 120, and 140 p e r  cen t  o p e r a t i n g  speeds f o r  d e s i g n  op- 
e r a t i n g  tempera ture  c o n d i t i o n s .  A l s o  shown i n  t h e  t a b l e  a r e  c a l c u l a t e d  
va lues  f o r  average t a n g e n t i a l  s t r e s s  a t  room tempera tu re  f o r  a d i s k  o f  
a l l o y  713LC m a t e r i a l  at 120 p e r  cen t  speed and aluminum a l l o y  7079-T6 a t  
100 p e r  cent speed. A x i a l  and r a d i a l  d i s k  t i p  d e f l e c t i o n s  c a l c u l a t e d  
f o r  t h e  f i v e  cases abot l r  clre a l s o  i n c l u d e d  i n  T a b l e  X I  1 
A x i a l  and  r a d i a l  d e f l e c t i o n ,  as a f u n c t i o n  of r a d i u s ,  a r e  p r o -  
v i d e d  i n  F i g u r e s  43 and 44, r e s p e c t i v e l y ,  f o r  t h e  120 p e r  c e n t  speed con- 
d i t i o n  a t  o p e r a t i n g  tempera tu re ,  These f i g u r e s  a l s o  i n c l u d e  d a t a  f o r  
e q u i v a l e n t  d e f l e c t i o n s  a t  t h e  l ower  l e v e l  t o  be used i n  t u r b i n e  r i g  t e s t s .  
Based on c o s t  and d e l i v e r y  e s t i m a t e s  assuming t h r e e  o r  l e s s  
r o t o r s  wou 1 d  be p r o c u r e d ,  a mach i ned r o t o r  i s recommended. 
Blade Root S t r e s s e s  
Blade r o o t  s t r e s s e s  due t o  c e n t r i f u g a l  l o a d i n g  were c a l c u l a t e d  
u s i n g  Program BLDROT o f  Reference 14. The b l a d e  geometry i s  c o n s i d e r e d  
as a s e r i e s  o f  beams o f  r e c t a n g u l a r  cross s e c t i o n ,  p i n n e d  a t  t h e  shroud 
l i n e  to a d j a c e n t  beams b u t  o t h e r w i s e  u n r e s t r a i n e d  e x c e p t  a t  h u b ;  r e l a -  
t i v e l y  c o n s e r v a t i v e  v a l u e s  o f  computed s t r e s s  a r e  expec ted  f rom t h i s  ap- 
p roach.  Blade t h i c k n e s s  d i s t r i b u t i o n s  used a t  the  hub and shroud o f  t h e  
f i r s t  and second b l a d e  rows, r e s p e c t i v e l y ,  a r e  shown i n  F i g u r e s  45 and 46. 
Calcu t a t e d  b lade  r o o t  bend ing  and t e n s i  le s t r e s s e s  a t  120 p e r  c e n t  speed 
a r e  p r e s e n t e d  i n  F i g u r e s  47 and 48 f o r  the f i r s t  and second b l a d e  rows, 
r e s p e c t i v e l y .  
Blade N a t u r a l  Frequency 
-
Blade l e a d i n g  and t r a i l i n g  edge f r e q u e n c i e s  were c a l c u l a t e d  
based upon p l a t e  t h e o r y ,  The p l a t e  model was assumed clamped on two s i d e s ,  
r e p r e s e n t i n g  i t s  a t tachmen t  t o  t h e  r o t o r  hub and t o  t h e  a d j a c e n t  b l a d e  sec-  
t i o n  o r  p a n e l ,  R e s u l t s  a r e  summarized i n  T a b l e  X I I I ;  t he  l owes t  f requency  
was, as expec ted ,  c a l c u l a t e d  t o  be t h a t  f o r  the  second b l a d e  row t r a i l i n g  
edge.. A Campbell o r  i n t e r f e r e n c e  d iagram i s  p l o t t e d  i n  F i g u r e  49; t h e  b l a d e  
n a t u r a l  f r e q u e n c i e s  a r e  shown r e l a t i v e  t o  m u l t i p l e s  o f  t h e  r o t o r  I ionce-per- 
r e v o  1 u  t i ont '  ,f rbequency , I n  cps.  Q 
Blade  V i b r a t c r y  S t r e s s  L e v e l s  
-- 
For  t h e  purpose o f  c a l c u l a t i n g  b l a d e  v i b r a t o r y  s t r e s s ,  b l a d e  
aerodynamic l o a d i n g  was c a l c u l a t e d  f r o m  the b l a d e  s t a t i c  p r e s s u r e s  a t  hub 
arld shroud and assuming a l i n e a r  p r e s s u r e  d i s t r i b u t i o n  between these  two 
p o i n t s ,  An a m p l i f i c a t i o n  f a c t o r  based o n  t h e  method of  T rump le r  and Owens 
( ~ e f  15) was used, w i t h  a n  a p p r o p r i a t e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  and t h e  
b l ade  aerodynamic b e n d i n g  s t r e s s ,  t o  o b t a i n  a d e s i g n  v a l u e  f o r  t h e  b l a d e  
v i b r a t o r y  s t r e s s ,  The c a l c u l a t e d  r e s u l t s  a r e  shown i n  T a b l e  X l l l  and on 
t h e  Goodman d iagram p r o v i d e d  a s  F i g u r e  50. W h i l e  p r e d i c t e d  v i b r a t o r y  
s t r e s s  l e v e l s  i n  t h e  second row a r e  n o t  i n s i g n i f i c a n t ,  they a r e  neve r -  
t h e l e s s  a c c e p t a b l y  low. 
F l e x u r a l  V i b r a t i o n s  
- - 
A s h a f t  f l e x u r a l  v i b r a t i o n  a n a l y s i s  was pe r fo rmed  on t h e  r o t o r  
sys tem i l l u s t r a t e d  i n  F i g u r e  5 ! .  The system c o n s i s t s  o f  t h e  t u r b i n e ,  
t h e  r o t o r  s h a f t  mounted i n  two b e a r i n g s ,  and h a l f  t h e  alurnir~um d i s k  coup- 
l i n g  mounted on  t h e  o u t p u t  end o f  t h e  s h a f t .  The c r i t i c a l  speed a n a l y s i s  
was per fo rmed u s i n g  an NREC computer  program, Program HOLZER, which i s  
based on s t a n d a r d  procedures p r e s e n t e d  i n  Reference 16 snd o u t l i n e d  i n  Ap- 
p e n d i x  I ! .  The a n a l y s i s  was comple ted  f o r  a range o f  t u r b i n e  end b e a r i n g  
s t i f f n e s s  w h i l e  m a i n t a i n i n g  a rear  b e a r i n g  s t i f f n e s s  o f  2.5  x 10' l b f  per  
i n  (4.38 x l o 5  ~ /c rn )  (as assumed i n  Ref 2) .  The r e s u l t s  o f  t h e  c a l c u l a -  
t i o n s  a r e  shown i n  F i g u r e  52 w h i c h  i l l u s t r a t e s  t h a t  t h e r e  a r e  no  c r i t i c a l  
speeds i n  t h e  o p e ~ a t i n g  range From 10,000 t o  43,200 rpm f o r  an assumed t u r -  
4 4 b i n e  end b e a r i n g  s t i f f n e s s  of' 3 x 10 l b f  p e r  i n  (5.25 x 10 N/cm) ( t h e  
s t i f f n e s s  assumed i n  Ref 2 ) .  
An a n a l y s i s  was a l s o  pe r fo rmed  o f  a s i rn i lz i rJ  r o to r  system b u t  as-  
suming an aluminum tu r l b ine  d i s k .  As can  be seen i n  F i g u r e  52, the - F i r s t  
r o t o r  c r i t i c a l  speed now o c c u r s  a t  14:000 rpm, w h i c h  i s  w i t h i n  t h e  s p e c i -  
f i  ed o p e r a t i n g  range  and hence u n s a t i s f a c t o r y .  An aluminum a l  l o y  r o t o r  
was c o n s i d e r e d  f o r  t h e  r e s e a r c h  package because s t r e s s  and tempera tu re  
l e v e l s  wou ld  p e r m i t  i t s  use,  reduce m a n u f a c t u r i n g  c o s t s ,  and f a c i l i t a t e  
manufac ture .  
S h a f t  A t tachment  Methods 
The r o t o r  w i  l l  be a t t a c h e d  t o  t h e  s h a f t  by means o f  a heavy 
s h r i n k  f i t ,  as i n d i c a t e d  i n  t u r b i n e  wheel assembly Drawing No. 1159-E-005, 
Based on c o n s i d e r a b l e  e x p e r i m e n t a l  ev idence ,  t h e  heavy i n t e r f e r e n c e  f i t  
has more than  adequate  t o rque  c a p a c i t y  and a x i a l  h o l d i n g  s t a b i  1 i t y  f o r  
the r e s e a r c h  a p p l i c a t i o n  p lanned  and w i l l  be used w i t h o u t  r a d i a l  p i n s  of 
any k i n d  t o  a v o i d  the  i n s t a l l a t i o n  and o p e r a t i n g  problems wh ich  may a c -  
company such dev i ces .  The s t r e s s  c o n c e n t r a t i o n s  r e s u l t i n g  from r a d i a l  
h o l e s  i n  t h e  h i g h l y  s t r e s s e d  a t tachmen t  a rea  a r e  a l s o  avo ided.  
B e a r i n g  A n a l y s i s  
The adequacy of  t h e  e x i s t i n g  b e a r i n g  o f  t h e  t u r b i n e  r e s e a r c h  
package was i n v e s t i g a t e d .  I t  wss conc luded t h a t  t h e  b e a r i n g  w i l l  meet t h e  
d e s i g n  o b j e c t i v e  o f  a t i m e  between o v e r h a u l  (TBO) o f  300 t-a~t-s minimum. 
T h i s  c o n c l u s i o n  i s  based on t h e  c a l c u l a t e d  v a l u e  o f  t h e  expec ted  minimum 
B I 0  l i f e  o f  t h e  b e a r i n g .  
The b e a r i n g  used i n  t h e  t u r b i n e  r e s e a r c h  package i s  d e s c r i b e d  
i n  Reference 2. The d e s c r i p t i o n  c o n s i s t s  o f  t h e  m a j o r  c h a r a c t e r i s t i c s  o f  i 
t h e  b e a r i n g  and a sou rce  c o n t r o l  drawing.  S imply  s t a t e d ,  i t  i s  a  Type 
7104 a n g u l a r  c o n t a c t  b a l l  b e a r i n g .  A s  such, i t s  BI0 l i f e  s h o u l d  be ob- 
t a i  ned u s i n g  t h e  method e s t a b l  i s h e d  by t h e  A n t i  - F r i c t i o n  B e a r i n g  Manu- 
f a c t u r e r s  A s s o c i a t i o n  (AFBMA). T h i s  method r e q u i r e s  t h e  c a l c u l a t i o n  of 
the t h r u s t  l o a d  and t h e  r a d i a l  l o a d  a c t i n g  on the b e a r i n g .  The d e t a i  Is 
o f  t h e  c a l c u l a t i o n s  a r e  g i v e n  be low>  
T h r u s t  C a l c u l a t i o n  
The c a l c u l a t i o n  of t h e  ne t  t h r u s t  on  t h e  wheel i s  based on con-  
s i d e r a t i o n s  o f  t h e  wheel as an  open system., The a x i a l  f o r c e s  a c t i n g  on 
t h e  wheel a r i s e  f r o m  the  f r o n t a l  and back p r e s s u r e s  o f  t h e  f l u i d  and t h e  
change i n  a x i a l  momentum o f  t h e  f l u i d .  Hence, 
THRUST = r ' ~ q - ~ ) ~ ~ v d r + m ~ ~ 4  (8) 
d-' 
where i s  t he  f r o n t a l  p r e s s u r e  
8 i s  t h e  back p r e s s u r e  of: t h e  f l u i c !  
r2 i s  t h e  t i p  r a d i u s  o f  t h e  wheel 
yk i s  the  mass f l o w  
and C m S i s  t he  a x i a l  v e l o c i t y  a t  the t u r b i n e  e x i t ,  
A n e t  t h r u s t  i n  t h e  d i r e c t i o n  o f  t h e  e x i t  f l o w  of  74.9 Ib f  
(333.2 N )  was obtained f o r  t he  f l u i d  p r o p e r t i e s  and the  d e s i g n  f l o w  con-  
d i t i o n s .  More s p e c i f i c a l l y ,  a mass f l o w  o f  0.748 lbm p e r  sec (0.3395 kg/ 
sec) , an e x i t  a x i a l  v e l o c i t y  o f  241 f p s  (73.5 m/sec) , and t h e  p ressu res  
shown i n  F i g u r e  53 were used  t o  e v a l u a t e  t h e  t h r u s t .  The f r o n t a l  p r e s s u r e  
i n  F i g u r e  53 co r responds  t o  s t a t i c  p r e s s u r e  a t  t h e  shroud f o r  1.730 i n  sf< 
2.634 i n  (4,394 c m ~ r ~  6.690 cm), a  l i n e a r  v a r i a t i o n  between t h e  hub 
and shroud v a l u e s  o f  t h e  e x i t  s t a t e s  p r e s s u r e  f o r  0.91 1 in&f&1.730 i n  
(2.314 <c<4.394 cm) ,  - '\ and t h e  e x i t  s t a t i c  p r e s s u r e  a t  t h e  hub f o r  0 gfs 
0.911 i n  (2,314 cm). The back p r e s s u r e ,  on t h e  o t h e r  hand, cor responds 
t o  a v a r i a t i o n  f r o m  t h e  r o t o r  i n l e t  s t a t i c  p r e s s u r e  d e f i n e d  by 
90 ( 9 )  
w l l e r e p  i s  t h e  f l u i d  d e n s i t y  and W i s  t h e  r e l a t i v e  v e l o c i t y .  Assuming 
t h a t  t h e  f l u i d  i n  back  o f  t h e  wheel r o t a t e s  a t  one ha l f  o f  t h e  wheel speed, 
, t h e  p r e s s u r e  v a r i a t i o n  may be r e w r i t t e n  as  
d~ , - - I po"s -a.r 4 $0 
The d e n s i t y  i s  e v a l u a t e d  a t  t h e  t u r b i n e  i n l e t  c o n d i t i o n s ,  
R a d i a l  Load C a l c u l a t i o n  
The r a d i a l  l oad  e x e r t e d  on  t h e  b e a r i n g  i s  o b t a i n e d  u s i n g  t he  
''29'' approx ima t ion .  T h a t  i s , ,  t h e  r e a c t i o n  o f  t h e  b e a r i n g  t o  t h e  dynamic 
r a d i a l  l oad  i s  assumed t o  be less t h a n  o r  equa l  t o  t h e  r e a c t i o n  t o  t w i c e  
t h e  s t a t i c  load. The r e a c t i o n  o f  t he  t h r u s t  b e a r i n g ,  R , can be ob- 
t a i n e d  from a  summation o f  t h e  forces and moments, & 
A r e a c t i o n  o f  1 1 . 1  Ib f -  (49,4 N) was o b t a i n e d  based on a w e i g h t  
o f  t h e  t u r b i n e  whee l ,  W7'  o f  3,868 16 (1 ,75  k g ) ,  a d i s t a n c e  between t h e  
c e n t e r s  o f  g r a v i t y  o f  t h e  whee l ,  and t h e  th rus t  b e a r i n g  o f  2.371 i n  (6,022 
cm) , and a d i  s t a n c e  between t h e  c e n t e r s  o f  g r a v i  t y  of t h e  b c a r i  ngs of 
4.006 i n  (10.175 ern). D i s t r i b u t i n g  t w i c e  t h e  w e i g h t  o f  the s h a f t  e v e n l y  
between t h e  b e a r i n g s  r e s u l t s  i n  a d d i t i o n a l  r e a c t i o n  o f  2.1 l b f  (9,34 N) 
o r  a  t o t a l  radial  load o f  13.2 l b f  (58.72 N) f o r  t h e  t h r u s t  bea r ing ,  
Ex_eectedMin i rn imB - L i f e  10 
The AFBMA method o f  c a l c u l a t i n g  B,,, l i f e  s t a t e s  t h a t  
minimum l i f e  i n  hou rs  = 500 x ( s e r v i c e  f a c t o r )  3 
where 
r a t e d  capac i 
s e r v i c e  f a c t o r  = 
e q u i v a l e n t  l o a d  
The r a t e d  c a p a c i t y  of a Type 7104 b e a r i n g  a t  t h e  r e q u i r e d  speed of 36,000 
rpm i s  o b t a i n e d  a c c o r ~ d i n g  t o  AFMBA procedures  f rom 
1000 rprn 
r a t i n g  a t  r e q u i r e d  speed = r a t i n g  a t  1000 rprn x 3 
r e q u i  r e d  speed 
Hence, a  r a t e d  l o a d  a t  36,000 rprn o f  214 16 (952 N) i s  o b t a i n e d  based on 
a r a t i n g  a t  1000 rpm o f  710 16 (3158 N). The e q u i v a l e n t  l o a d  o f  any 
7100 s e r i e s  b e a r i n g  i s  o b t a i n e d  by s e l e c t i n g  the maximum v a l u e  f rom 
where E i s  t he  e q u i v a l e n t  load 
R i s  t h e  r a d i a l  load 
T i s  t h e  t h r u s t  load  
and V i s  1.0 f o r  an  i n n e r  r o t a t i n g  race.  
U s i n g  t h e  r e s u l t s  p r e v i o u s l y  o b t a i n e d  and t h e  p r e f e r r e d  bea r -  
i n g  p r e l o a d  o f  60 1 bf  (267 N) , an e q u i v a l e n t  l oad  o f  742 1 b f  (632 N) i s  
o b t a i n e d .  tience, from c a l c u l a t e d  r a t e d  c a p a c i t y  and e q u i v a l e n t  l oad ,  the 
B 1 0  minimum l i f e  i s  1670 h r s -  
D i  f f u s e r  Des - igll 
The d i f f u s e r  assembly i s  shown i n  d i f f u s e r  mach in ing  Gcawing No, 
1159-D-010, The i n s t a l l a t i o n  o f  the d i f f u s e r  i s  shown i n  b o t h  t h e  t u r -  
b i n e  r e s e a r c h  package assembly Drawing No., 1159-R-002 and t h e  t u r b i n e  r e -  
sea rch  package o u t  I i ne Drawi ng Nu, 1159-R-003. l n s t r u m e n t a t i o n  pads 
f o r  t h e  t o t a l  p r e s s u r e  t r a v e r s e  a t  i n l e t  and e x i t  a r e  p r o v i d e d  i n  a d d i -  
t i o n  t o  s t a t i c  p r e s s u r e  taps  on t h e  o u t e r  w a l l  and on t h e  c e n t e r  body a t  
b o t h  i n l e t  and e x i t .  The c e n t e r  body i s  suppor ted  a x i a l l y  and r a d i a l l y  
and m a i n t a i n e d  r- - L ; , L ~ I C  w i t h  t h e  o u t e r  c o n t o u r  b y  two s e t s  o f  t h r e e  
aerodyn: . , r~ca l  l y  shaped s t r u t s  i n s t a l  l e d  near  t h e  i n l e t  and e x i t  o f  the 
q ! l  r f u s e r ,  as shown on t h e  r e f e r e n c e d  drawings .  
I t  i s  assumed t h a t  an e x t e r n a l  s u p p o r t  e x i s t s  and w i l l  be pro- 
v i d e d  and used i n  t h e  f i n a l  dssembly t o  p r e v e n t  d i s t o r t i o n  o f  t h e  s c r o l l  
and n o z z l e  assembly, due t o  t h e  l a r g e  overhung mass o f  t h e  d i f f u s e r .  The 
exhaust  a d a p t e r  Drawing No. 1159-D-011 was des igned t o  i n t e r f a c e  w i t h  t h e  
e x i s t i n g  l a b o r a t o r y  exhaust  system i n  b o t h  l e n g t h  and d iamete r ,  as  s p e c i -  
f i e d .  
F i n a l  Assembly and l n s t a l l a t i o - n  
- - 
Copies o f  a l l  d e t a i l  d raw ings  produced,  p l u s  t h e  assembly,  o u t -  
l i n e ,  and  l a y ~ u t  d raw ings  a r e  p r o v i d e d  i n  Append ix  1 1 1 .  The assembly draw- 
i n g  i n c l u d e s  a comp le te  p a r t s  l i s t ,  a l s o  shown s e p a r a t e l y ,  w i t h  m i s c e l l a n e -  
ous t o o l s  r e q u i r e d  i n  T a b l e  X I V .  Assembly p rocedures  a r e  covered i n  t he  
no tes  on a p p r o p r i a t e  d r a d i n g s  and a l l  i n s t r u m e n t a t i o n  l o c a t i o n s  a r e  c s t a b -  
l i s h e d  i n  e i t h e r  t h e  d e t a i l  d raw ings ,  t h e  assembly,  o r  the  o u t l i n e  drawing.  
CONCLUS 1 ONS AND RECOMMFNDATI ONS 
Conc lus ions  
1 .  A comple te  r a d i a l  i n f l o w  t u r b i n e  s t a g e  c o m p r i s i n g  an i n l e t  
s c r o l l ,  a  vaned n o z z l e  row, a r o t o r ,  and an exhaust  d i f f u s e r  
has been des igned and d raw ings  f o r  a l l  new p a r t s  p repa red .  
The s t a g e  i s  a  r e d e s i g n  f o r  a BRU t u r b i n e  p r e v i o u s l y  t e s t e d  
i n  a t u r b i n e  research  package. The new d e s i g n  i s  the r e s u l t  
o f  an aerodynamic o p t i m i z a t i o n ;  a l t h o u g h  t h e  r o t o r  d ia rne tz r  
has been i n c r e a s e d  and n o n r a d i a l  b l a d i n g  i n t r o d u c e d ,  t h e  
i n c r e a s e  i n  s t r e s s  l e v e l s  i s  m e c h a n i c a l l y  a c c e p t a b l e  because 
o f  t h e  r e l a t i v e l y  low l e v e l s  o f  r o t o r  t i p  speed and t h e  op- 
e r a t  i n g  tempera tu re .  The r o t o r  mechan ica l  des ign  a n a l y s  i s  
has been comple ted  f o r  t h e  a c t u a l  BRU o p e r a t i n g  c o n d i t i o n s o  
However, t h e  s t a t i o n a r y  p a r t s  c o n s i s t i n g  o f  the s c r o l l ,  t h e  
n o z z l e  row, and t h e  d i f f u s e r  have been designed f o r  t he  re -  
sea rch  package and i t s  lower  o p e r a t i n g  tempera tures .  
2 .  The d e s i g n - p o i n t  e f f i c i e n c y  o f  t h e  redes igned  s tage ,  based 
on ove r -a1  f t o t a l - t o - s t a t i c  p r e s s u r e  r a t i o  f rom s c r o l l  i n -  
l e t  t o  d i f f u s e r  d i s c h a r g e ,  i s  p r e d i c t e d  t o  be between 91 and 
93 p e r  c e n t  r e p r e s e n t i n g  a  2 t o  4 percen tage  p o i n t  improve- 
ment compared w i t h  t h e  o r i g i n a l  des ign .  
3 .  The u n c e r t a i n i t y  a s s o c i a t e d  w i t h  t h e  p r e d i c t e d  s t a g e  d e s i g n -  
p o i n t  e f f i c i e n c y  l a r g e l y  r e f l e c t s  t h e  u n c e r t a i n t y  i n  t he  
p r e d i c t i o n  of t he  n o z z l e  row l o s s  c o e f f i c i e n t .  The low l o s s  
c o e f f i c i e n t  and h i g h  e f f i c i e n c y  assessment i s  based on a 
Toss c o r r e l a t i o n  based on a x i a l  t u r b i n e  s t a t o r  rows wh ich  was 
deve loped f o r  t h e  p r e l i m i n a r y  d e s i g n  a n a l y s i s .  I n  t h i s  
method t h e  number o f  b l a d e s  i s  o p t i m i z e d  based on a t r a d e -  
o f f  between e x i t  passage a s p e c t  r a t i o  and t r a i  1il:g edge b l o c k -  
age h u t  assumes t l ~ e  row w i  1 l be des igned w i t h  near-opt imum 
s o l i d i t y .  The e f f i c i e n c y  assessment a p p l i e d  t o  t h e  f i n a l  de- 
s i g n  s t a n d a r d  i s  based on t h e  c a l c u l a t i o n  o f  boundary l a y e r s  
w i t h  a c o r r e c t i o n  based on w a l l - t o - b l a d e  s u r f a c e  a r e a s .  The 
l a t t e r  e f f i c i e n c y  assessment i n d i c a t e s  t h a t  t h e  s o l  i d i  t y  o f  
t h e  n o z z l e  row i s  c o n s i d e r a b l y  i n  excess o f  an optimum: How- 
e v e r ,  a t  t h i s  t i m e  n e i t h e r  method o f  p r e d i c t i n g  n o z z l e  row 
l o s s  c o e f f i c i e n t s  can be rega rded  as  s u p e r i o r  t o  t h e  o t h e r ,  
s i n c e  t h e r e  a r e  no  e x p e r i m e n t a l  d a t a  f o r  n o z z l e  rows o f  t h e  
t y p e  s e l e c t e d ,  t ~ l a t  i s ,  one i n  w h i c h  t h e r e  i s  a s u b s t a n t i a l  
c o n t r a c t i o n  o f  a x i a l  w i d t h  ac ross  t h e  n o z z l e  row 
4. The r o t o r  has been des igned u s i n g  a tandem row c o n f i g u r a t i o r  
w i t h  16 b l a d e s  i n  each o f  t h e  two rows, The p r e d i c t e d  
e f f i c i e n c y  o f  t h e  r o t o r  i s  r e s p o n s i b l e  f o r  an approx ima te  
1 . 5  p e r  c e n t  i n c r e a s e  i n  s tage  e f f i c i e n c y  compared w i t h  t h e  
o r i g i n a l  d e s i g n *  One d i s a d v a n t a g e  a s s o c i a t e d  w i  t h  t h e  de- 
s i g n  of  a two-row c o n f i g u r a t i o n  h i g h l i g h t e d  d u r i n g  t h e  f i n a l  
d e s i g n  was t h a t  a g r e a t e r  number o f  b lades  p e r  row wou ld  be  
r e q u i r e d  i n  a  tandem c o r i f i g u r a t i o n  compared w i t h  one w i t h  
f u l l  r o t o r  b l a d i n g  from i n l e t  t o  e x i t .  The s e l e c t i o n  o f  
s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  t o  a v o i d  f l o w  s e p a r a t i o n  
f r o m  t h e  s u c t i o n  s u r f a c e  of  t h e  f i r s t  row leads  t o  a 1 i m i  t a -  
t i o n  on t h e  b l a d e  l o a d i n g  f o r  t h e  f i r s t  row, 
5 .  The exhaus t  d i f f u s e r  has been des igned f o r  a l i n e a r  r a t e  o f  
s t a t i c  p r e s s u r e  r i s e  f o l l o w i n g  an i n i t i a l  s e c t i o n  o f  c o n s t a n t  
s t a t i c  p r e s s u r e  immed ia te l y  downstream o f  t h e  r o t o r .  The 
p r e d i c t e d  improvement i n  o v e r - a l l  e f f i c i e n c y  o f  t h e  s t a g e  i n -  
c l u d e s  a  0 , 9  percen tage  p o i n t  improvement f o r  t h e  redes igned  
d i f f u s e r .  
Recommendations 
The t u r b i n e  s t a g e  i s  t o  be manu fac tu red  and t e s t e d e  Hence, recom- 
mendat ions f o r  f u r t h e r  m o d i f i c a t i o n  t o  improve s t a g e  per fo rmance w i l l  depend 
l a r g e l y  on  t h e  measured performance c h a r a c t e r i s t i c s  o f  t h e  s tage.  N t v e r t h e -  
l e s s ,  a c r i t i c a l  r e v i e w  o f  t h e  d e s i g n  s t a n d a r d  and p r e d i c t i o n s  based on t h i s  
s t a n d a r d  l e a d  t o  t h e  f o l  l o w i n g  recommendations. 
Two or  more a d d i t i o n a l  n o z z l e  vane geomet r ies  s h o u l d  be de- 
s igned  and t e s t e d .  T h i s  recommendation i s  based  on t h e  unce r -  
t a i n t y  o f  c u r r e n t  p r e d i c t i o n  techn iques  f o r  n o z z l e  rows w i t h  
a x i a l  passage w i d t h  c o n t r a c t i o n .  S i n c e  t h e  n o z z l e  row can 
be c h a r a c t e r i z e d  by a  number o f  geomet r i c  v a r i a b l e s  and ae ro -  
dynamic pa ramete rs ,  changes i n  t h e  row s o l i d i t y  by a reduc-  
t i o n  i n  t h e  number o f  b lades  and by a r e d u c t i o n  i n  b l a d e  
chords  (by r e d u c i n g  t h e  i n l e t - t o - e x i  t d i a m e t e r  r a t i o )  a r e  
recommended. 
Based on a  r e v i e w  of  t h e  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  f o r  
t h e  tandem row c o n f i g u r a t i o n  w i t h  16 b l a d e s  i n  each row and 
boundary - l aye r  c a l c u l a t i o n s  f o r  t h e  computed d i s t r i b u t i o n s ,  
i t  would appear  l i k e l y  t h a t  f u r t h e r  improvements c o u l d  be 
made i n  t h e  d e s i g n - p o i n t  per fo rmance o f  t h e  r o t o r .  I t  i s  
recommended t h a t  a  d e s i g n  w i t h  more b l a d e s  i n  t h e  f i r s t  row 
and fewer b l a d e s  i n  t h e  exducer s e c t i o n  be cons ide red .  A 
des ign  w i t h  I8 or  20 b lades  i n  t h e  f i r s t  row ar,~d 9 o r  10 i n  
t h e  second would be recommended, s u b j e c t  t o  more d e t a i l e d  
f l o w  a n a l y s e s  o f  d e s i g n  a l t e r n a t i v e s .  
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TABLES 
TABLE 1 
MAJOR D E S I G N  GEOMETRIC VALUES FOR DATUM TURBINES 
USED I N THE PARAMETR l C INVEST I GAT I ON 
-1. .l.L 
sub-j ec t" ~ e f e r e n c e " "  
Parameter  T u r b i  ne Datum 3 Datum 2 Datum 1 T u r b i  ne 
Nozzle Vane I n l e t  7.654 7. ,430 7.144 6,869 6.656 
Diameter ,  i n  (cm) (19.441) (18.872) (18.146) (17.447) (16.906) 
Nozzle Vane E x i t  5.426 5.438 5.438 5.331 5.118 
D iameter ,  i n  (cm) (13.782) (13m812) (13.812) (134541) (130000)  
Rotor  I n l e t  Diame- 5.268 5.281 5.281 5.177 4.970 
t e r ,  i n  (cm) (13.381) (13.414) (13.414) (13.149) (12.624) 
Rotor € x i  t T i p  3.460 3.460 3,460 3.460 3.460 
D iame te r ,  i n  (cm) (8,788) (8.788) (8.788) (8 . 788) (8,788) 
Rotor  E x i t  Hub 1.822 1.822 1,822 1.822 1.822 
D i a m e t e r ,  i n  (cm) (4.628) (4.628) (4.628) (4.628) (4.628) 
Nozz le  I n l e t  Wid th ,  0.560 0.434 0.41 7 0.401 0.385 
i n  (cm) (1.422) (1.102) (1.053) (1.018) (0  * 978) 
Nozzle E x i t  Wid th ,  0.400 0,400 0.400 0.385 0.385 
i n (cmj (1.016) (1.016) (1.016) (0 .978)  (0.978) 
Rotor I n l e t  Width, 0.400 0,400 0.400 0.385 0.385 
i n  (cm) (I .016) (1.016) (1.016) (0.978) (0 e 978) 
A x i a l  Leng th ,  i n  I .  552 1.627 1 ,694 1 . 765 1 765 
(4 (3.942) (4. 132) (4.303) (4.483) (4.483) 
Number o f  Rotor 10 1 1  1 1  1 1  1 1  
B 1 ades 
Number o f  S p l i t t e r s  10 1 1  1 1  1 1  1 1  
Number o f  Nozz le  15 15 14 13 13 
Vanes 
J.. 
I\ The ' ' sub jec t  t u r b i n e t 1  i s  e s s e n t i a l  l y  t ha t  s e l e c t e d  a t  the  c o n c l u s i o n  
o f  t he  p r e l i m i n a r y  des ign  i n v e s t i g a t i o n ,  The r o t o r  c o n f i g u r a t i o n  was 
l a t e r  changed t o  a tandem row. 
,.l.,.L 
8 ,  9 ,  The " re fe rence  t u r b i n e "  i s  t h e  A iResearch des ign  of: Reference 2. 
TABLE 1 1  
SUMMARY OF STAGE PERFORMANCE AND 
OPERAT l NG C O N D  IT  l ONS 
S u b j e c t  T u r b i n e  Reference T u r b i n e  
( ~ o t o r  D i ameter = ( ~ o t o r  Diameter  = 
Parameter  5.268 in) (13.381 cm) 4.97 i n )  (12,624 cm) 
T o t a l - t o - T o t a l  E f f i c i e n c y  0.9433 
a t  Ro to r  E x i t ,  rite 
T o t a l - t o - S t a t i c  E f f i c i e n c y  0. 9009 
a t  Rotor E x i t ,  
'1, 
T o t a  1 - t o -To ta  1 E f  f i c i ency 0.9358 
a t  D i f f u s e r  ~ x i t , - %  I55 
T o t a l  - t o - S t a t  i c  E f  f i c  i ency 0.9300 
a t  D i f f u s e r  E x i t ,  1 
55 ili 
Over-A1 1 E f f i c i e n c y ,  
'bv 0.9249 0.887 
I n l e t  T o t a l  Tempera ture ,  2060 (1144 deg K) 2060 ( 1  144 deg K) 
Tm 9 des R 
l n l e t  T o t a l  P ressu re ,  L9 25 (1 72 k ~ / r n ~ )  25 (1 72  k ~ / r n ~ )  p s i a  
Weight  F l o w , . i n ,  lbrn per 0.7484 (0.3395 kg/sec) 0.7484 (0.3395 kg/sec) 
s ec 
S h a f t  Work, kw9 k i l o w a t t s  18.08 17.33 
Turb ine Speed, N , rpm 36,000 36,000 
S p e c i f i c  S p e e d , N  f t  3'4/ 75.1 ( 3 0 . 8 ~ 1  3/4/ 75.9 (31.1 m 3/4/ 
( m i  n) (sec 1 1 2 )  S ' (mi n) (secl/2) ( m i  n) (sec 1 /2) 
T u r b i n e  I nlet T o t a l  - to -  1 . 763 
Diffuser Exit  S t a t i c  P res -  
sure R a t i o ,  1 P, 
..L 
I\ Over-a1 1 e f f i c i e n c y  ( ' = ( t o t a l - t o - s t a t i c  e f f i c i e n c y  a t  d i f f u s e r  
e x l i t , -  e f f i c i e n c y  d e ~ r ~ e m e n t  due t o  d i s k  . F r i c i i d t l J .  
TABLE I l I 
PREL I M I  NARY 'DES I GN-PO I NT PERF ORMIJCE AND FLOW F l ELD DETA I LS 
.--- . ...... . . .  ...... - . . . . . . . .  ..--t . .  
' 7 I , ,  1 ' ~ ~ t < , J i  TiQNS 
SHAFT,  * O k K  
-. . . - . . . .  -.- . . .  .--.. ---..- -.---A . ------.- 
\ljO HI( .---------- 16 ,577  - 
OVEC~ALL E i  i"jCl.r;31\CY E T A O V  
- 
09249 
TG7.447'i0-.-7 UJ; .. 
- ~ ~ ' t b ' ~ 1 1 : i i k Y  p f .  + . - - - - - - - - - E ~ i  14 --.--_----. m 9 4 - 1 ~  
T G T ~ ~ L - ~ B ' S T ~ T ~ L  ~ ~ F ~ C I ~ N C Y  4 ETAS[+ ,c;i;Gq 
- T . O - ~ A L , . T O ~ , . T ~ ~  AL 1 L C .  .!....... T A T S  ,,,35b 
T O T A ~ - ~ O - S T A ' T I C " E F $ ~ C ~ & : \ ~ C Y  A T  5 E T A S 5  09300 
TABLE 1 I I (CONT 1 NUEO) 
PRELIM1 NARY DES IGN-PO1 NT PERFORMNCE AND FLOW F f EL0 DETA l LS 
. . _ . . . . . . -  .... - A .-. - . .,--.. _f -* -. _I-- -- -4 --- ;i "j 5s';b' o- 
A a s ~ t u T E  T O T A L  tcxiiSSUr$ P O  
A ~ S O L U ' T ~  TTOI'GL T ~ ~ * ? P , ~ u A T u & E  - .........-........... - .- ........ I 1 0 )  . . . - - -  .. ..-,-,.-. k 0 6 0 * 0 0  
ST&TIc P $ E S S U ~ L  p l  $561.9~ 
. i i b 5 2 1 .  3 
.. .. S T A T  :C i ' i C ~ ~ ~ ~ n l : U ~ ~ .  . . . .  - . . . . . . . . . .  -.--- r 1 ---..-..--,-- 
m'ABs( jLui i  W k ~ a c P j y  C 1  + ~ G a l i  
 ME^ lU i b ? u A ~  v ~ L S C ~ T Y  . . . . . . . . . . .  cwl .............. &Se02 
AUSOLUTE Y A ~ ~ G ~ ~ V I A L  ~ E L o C f i y  C T 1  323.71 
, . ,  . . . . . .  A B S ~ I . ~ T E . .  i r k s  k k C i L ~  . . . . . . . . . . . . . . . . . . . . . . . . .  A L F ~  IN. -....-.. 55*iiO 
kbS0til'ri: KACH hbplljif4  EM^ r 10s 
~ : L F : ~ S ~ R  .... .. 
..- -.-.--.I--. -, -I--.- ---.----------.-- 01 LN- -.-.---.-- .-- *_*..7,654 
P&SS&Gk bii3Tn e m  ' 5660  
TABLE I I ! (CONTINUED) 
PREL l M I  NARY DES I GN-PO I NT PERFORMANCE AND FLOW F I ELD DETA l LS 
TABLE 1 I l (CONTINUED) 
PRELIMINARY DESIGN-POINT PERFORMANCE AND FLOW FIELD DETAILS 
- 
TOTAL ;4:iSlri.ti,Tk P R ~ S ~ I J K E  
~ 0 4  w ..... - ... -- - . ..- . 2660 s 4 2  
. . - C - " - . - . - . d . * .  I .-. .-**-. 
r o ~ ; \ i '  ~ ~ S U L . I . I T E  ' I E~L:IJEHWS'CIHE 
-. 1 O! i b"11  o 2 4  
. 
T O T A L  ~ W - ~ I V L  PRESSURE 
. . . . . . . . .  .--I... --..-,.... P 0 4 R  ...- .---.-... 2244 0 i (I 
TOT~IL ~ k t ~ t ' i x  VE ~ '~ .~+PLKATuRE TC~QH -. - 1 7 2 9 0 ~ ~  
S T 4 1  312 Ffr<~sSlJk i t  -..., .-- -...- - -..... -.- ' . -  , 
-.-.*--r-- -.-- P4 . ..... .... .-- -----.---- k o u o  .33 
S T A T I C  '1'tPjk"t: K;;'] C1i.r~ -I' 4 lE151.4~ 
.. . .  ~ f i ' sQ t -c l rE  LKLoc,; 7-u . .  ....-.. -.-._ . ._ ...... ..--. . . _  .--.--_-._. . c 4 .- .- -. - --- 24i ~ 4 2  
K~ i? Ig iu iVkL  V E L U C ~ ~ Y  C Fi1J14 241  0 4 2  
. . . . . . . .  A ~ S C ~ L U T ;  ~ a : . ~ i i t ; ~ ' ~  VELOC , .  ~ T Y .  - - ~ T P i i t  , , .  - .  . G,Gc;  
~ b S G k u 7 ~  GAS h h b L ~  
L I. - I 
A L F M ~ T  G.00 
rit>but,ui'E MkC:i  N~P.ttiEf.i . - . . . . . . . .  . . . . .  ....... . 
- .& - -. E&.L) ..- - -*  . .-** . - I b 9  Q 
i ? ~ L ; ~ T l v k  b'E{-OCLT'f \"I 11. 474n93 
R E L A T J V ~  ' lHi\lichl'~AL V F L L ) ~ ~ T Y  .I,, - ...- -, . . .  . -  w . . . . .  W-flv(& , .  .. - -. . m 4 1 4 ~ & 5  
\,i G;\S ~1jh;L~ A L F ~ ~ X  L l c c  E r . C  3 1  au 
RELA l kk. y+q~-i rhijrni,k8 ... 
- * ..._._.... . ----.".-I*.--.-.----T - ..-.- --. I . . .  .... - ..... 0 EMLiR 37 6 
wbi2Jsl-JEEG 
* 
LJ Pi q 414085 
~ ~ ~ ~ * ' I ~ T ~ I ?  - 9  -. & I bjbk3 . :-- .-  
-. - * --.---- -*. ."-* --- 
GH/ t I i J  I. P d22. 
D J A N E T ~ R  #*A T  &,- M E ~ ~ P G  R~uIus'--'' , y 4 & l N  2 0 ~ 4 3 .  
D ~ A P ; E T &  -~ .  f i i sb<HWlj[) . . . . .  ' 
..". * -- ---. --- --.---. us4 J lv -....----.-*--+ 3 0 ci 6 O 
f A S S & C ~ L  ~ j f ~ i t . {  Q 4 i N  d l 9 0  
' . ~Lc \uE .  E X I T  ANGLE ... AT' M E A ~  R h ~ f U S  . . . . . . , . .  "--. 6 e r ~ 4 - x  ,---.-- ,, "56 0 07' 
i L II\$G* 7 I + I ~ ~ K ~ ~ s S . ' ' ' ~ T  :~EAN H A ~ Z U S  T E ~  ~ h l  PObtG: 
.MEAN - . .  . . -. Hl)iOk . ... I,>LAVLL . . .  -...-. rPASSAGE . .-.--.. ,---.-*... H Y D R A U L ~ - C  . . .  - .  . - . ...., .---. b ...,. I k _  -DHC(/N .- -__I-_ 6ij5Q- 
HOTOH ~ L A ~ E  N U M G E R  , ' %I?+ i-2 
TABLE I I I (CONTINUED) 
PREL I M.1 NARY DES I GN-PO I NT PERFORMANCE AND FLOV F I ELD DETA I LS 
TABLE I V  
MERIDIONAL FLOW PATH SPECIFICATION 
OF THE BRU ROTOR 
F i r s t  B lade Row 
.id 
Outer Contour Coordi nates'' Hub Contour Coord ina tes  
Axial  Dis tance  
. - 
A x i a l  . . D i s t ance  . - 
Measured from Measured from 
Radi us Rotor E x i t  Radius R o t o r  E x i t  
( i n)(cm) (in)> (cm) - ( i n ) '  (4 " ('i n) (cm) 
__. 
1.835 4.661 -0.678 -1.722 1.122 2.850 -0.678 -1.722 
Second Blade Row 
-7- 
I 8  Rotor casing coordinates a r e  obtained w i t h  t h e  addition o f  a 0.010 i n  
(0.0254 crn) c 1 ea rance. 
TABLE V 
F l RST BLADE ROW DEF I N  I T  l ON ALONG THE STREAMTUBE CENTERS 
Outer Cas i ng Streamtube 
Axia l  D is tance  
Measured from 
Rotor Ex i t  
Anaular  
Hub Streamtube 
TABLE V I  
SECOND BLADE ROW DEFI N IT  I O N  ALONG THE STREAMTUBE CENTERS 
Outer Casing Streamtube 
A x i a l  Distance 
Measured f rom Angular, ., Norma 1 
Radius Rotor E x i t  Coordi naten Th i  cltness 
Ji n) ,(cm) (i n) (cm) ( d ~ )  ( i n )  - ( c m l  
Hub Streamtube 
-1- 
I b  Angular  coordinates a r e  measured w i  t h  re fe rence  to t h e  s t a c k i n g  poi nt 
o f  t h e  second b l a d e  row a x i a l  b l ade  sec t ions .  
TABLE V I  I 
NOZZLE VANE GEOMETRY SPEC I F  I CAT I ON 
Angu la r  
Coordinate Tangential Thickness 
(cm) Ws) (i n) (cm) 
TABLE V l l l  
DIFFUSER SPECIFICATION 
Ax ia l  D i s t a n c e  
from Rotar Exi t Cgs i n-g Rag i us 
( i  n) - kd (.i 'n) - (& 
3 , 00 7. 62 1.815 4,610 Hub Radius i s  Constant 
f o r  the E n t i r e  Length = 
0,311 i n  (2.314 cm) 
Note: Area schedule is  based on an assumed constant s t a t i c  pressure  be- 
-
tween 0 a n d  1.0 i n  (2.54 cm), l inear s t a t i c  pressure r i s e  between 
1.0 i n  (2.54 cm) and 8.25 i n  (20.95 em), and a l inear  drop of t o t a l  
pressure w i t h  ax ia l  d is tance  from 0 t o  8.25 i n  (20.95 cm). 
TABLE I X  
TURB 1 NE 1 NLET SCROLL GEOMETRY -SPEC IF ICAT I ON 
Maximum Radius Azimuth Angle Radius o f  
o f  t h e  Cross Measured from Area of t h e  t h e  Cross 
Section, RK Scroll Inlet Cross Section s ~ R  ROR 
( i  n) (cm) 
- (sq i n )  (sq 4 (in). (cm3 , G d- ( c m ~  
14.209 
13.372 
12-537 
r 1.704 
10.875 
no. 0.49 
9,226 
8.408 
7- 594 
6.785 
5.983 
5- 186 
4,395 
3-61 I 
2.838 
2-079 
3.341 
0.638 
0.306 
0.242 
0,180 
0- 149 
# * l 1 ~  
a. 089 
0- 059 
0,029 
O*OOO 
Note: The nomenclature of t h e  cross sections i s  defined i n  Figure 22, 
7
TABLE X 
  ad l usf" 
-Ratro 
Front  Face of D i s k  Back, Face of D i  s k 
s'C1't9c 
s'cf'c T-rature B i  ot; Tempera ture  Blot - LlPL 
Reglon R a t i o  
-
Number Region R a t i o  
7
Number 
$t Radi i are ratioed t o  the  rotor  inlet rad ius  o f  2,634 i n  (6.690 cm). 
>'ok For definitions o f  reg ions,  see F igu re  35. 
~ C ~ A ' C  
Temperatures a re  normal i z e d  t o  t h e  rotor i n l e t  d i s k  f a c e  temperature 
o f  2048 deg R (1140 deg K) .  
TABLE XI 
PHYSICAL PROPERTiES OF HIGH TENPERATURE ALLOYS 
A1 loy 
Name 
-
Casting 
AT Ioys 
Test 
-
Tem- 
-
Stress 
R u ~ t u r e  
Creep 
0,4x10'5 
Per 
-
CentJhr 
Endur- 
ance 
-
L i m i  t 
Per 
Y i e l d  cent  
-
2 Per Weisht 
I -
t u r e  
- (50,000 Minimum m- - Ultimate Cent Change (deg F) hrs) Creep Rate ~ycles) - S t r e n g t h  Offset (200 hrs)  
Endur- 
Per ance 
Per 
- - cent  tm 
Cent 
-
Reduc- S t r e s s /  
E!onga- tisn 
-
Rupture 
t i o n  
-
i n  Area Strength Remarks 
0.65 Developedto 
combine good 
stress-rupture 
properties w i  t h  
excellent room 
temperature, 
ductility, and 
strength;  for 
use with inte- 
grally cast 
torbine wheels 
0.59 Developed to op- 
t imize stress 
rujture and room 
temperature, 
d u c i i  l i t y ,  and 
strength 
9-22 Good strength 
to density char- 
acteristics, 
long-time ein- 
brittlement 
prob l em 

T e s t  
Creep 
0.4~10~5 Endur- Per 
Endur- 
Per ance 
-
- - .  
-
-. 
-
Ten- 
-
Stress  Per Y i e l d  Cent Per Cent 
-
ante 
- -
L i m i  t 
pera- Rupture Centfhr L i m i t  2 Per Weight - CZ Redur- Stress/ 
Alloy ture 
- (50,000 M i  nirnum m8- Ultimate Cent Change Elonga- - tion Rupture 
Name (deg F) 
- - hrs) Creep Rate Cycles) Strength 0-t (200 hrs) tion i n  Area Strength 
INCONEL 1400 20,000 - 12,000* 80,000 62, 000 - 10 25 - 
718 ( 1 033 
deg K) 
Remarks 
Insufficient 
strength at 
1400 deg F 
(1033 deg K) 
difficult to  
machine 
TABLE X I 1  
Prope r ty  
SUMMARY OF D 1 SK STRESSES AND DEFLECT 1 DNS 
Steel (cold) Steel (Not) 
120 Per 100 Per 120 Per 140 Per 
C e n t  Speed ~ < n t  Speed Cent Speed Cent Speed 
Average Tangent i a  1 Stress ( p s i )  12,717 12,258 18,448 25,757 
( k ~ / r n ~ ]  87,680 84,416 127,194 177,588 
Ax ia l  Deflection a t  T i p  ( in)  +0. 0008 0,001 6 0.0019 0.0023 
(cm) 0.0020 o.oo4r 0,0048 0.0058 
Radial Deflection a t  T i p  (in) +0.0013 0.0398 0. Oh02 0.0407 (4 a. a033 0.101 1 0,1021 o. 1034 
Aluminum  old) 
150 Per 
Cent Speed 
TABLE X I  I l 
SUMMARY OF BLADE' FREQUENCY AND VIBRATORY STRESS RESULTS 
.f 
Blade rb q " 
Row Loca t i an 
- 
Method ~ ( C P S )  )i (E) K - ( ~ i )  j ~ i )  
1 L. E. F l a t  Beam (1) 13,450 22*4  1.3 2.5 110 3 58 
1 T.E. V O Y S ~ Y  (2) 31,800 53.0 1 2.5 0  0 
i 
2 L. E. C a n t i l e v e r  3,940 6.8 1.2 6.0 1485 10,620 
P l a t e  (3) 
2 T. EI C a n t i l e v e r  3,940 6.8 1.2 6.0 1260 9,090 
Pla t e  ( 3 )  
(1) Mechanical Design and Systemtiandbook - Ro thba r t  - pp .  6-58 
f o r  Fla t  Beam, C, = 11.30 
(2)  Some V ib ra t i on  Problems i n  Gas Tu rb ine  Engines - Voysey 
4, = f o r T r a i l i n g E d g e P a n e 1  
33 
Where L = degrees from Reference Through 
Blade T i p  Para1 l e l  t o  Center L i n e  
(3) Mechanical Design and System Handbook - Rothbar t  - pp. 6-59 
& 5 -  24 10 X k, f o r  C a n t i l e v e r  p l a t e , C W  = 3 .31  
a2 A 
where f o r n  = 1 ,  C\ = Blade  Thickness = kn 
a = Blade Height = f- b = Blade Width 
Km= M a t e r i a l  Constant = 1.0 f o r  S tee l  
y+ = R a d i u s  o f  G y r a t i o n  = mA i n  
= Youngls Modulus, p s i  p = M a t e r i a l  Dens i ty ,  lb/in3 
A = constant (a Fuhct i o n  o f  Taper ~ a t i o )  
9: The vibratory s t r e s s  is c a l c u l a t e d  from t h e  e q u a t i o n q = r r $  k~ where 
b b  = bending s t r e s s ,  K = stress c o n c e n t r a t i o n  f a c t o r ,  and 0( = amp1 i- 
f i c a t i o n  f a c t o r  ( ~ e f  15) given i n  t h e  above t ab le .  
TABLE X I V  
TURBINE RESEARCH PACKAGE ASSEMBLY AND TOOL LIST 
P a r t  Number 
1 159-~008 
1 159-DO09 
1159-DO10 
1 1 5 9 - D O 1  1 
1159-C012 
1 1 59430 13 
1159-~014 
1159-DO15 
1 159-A0 1 Q 
P r e c i s i o n  No. 010-12137 
P r e c i s i o n  No. 161-12137 
P r e c i s i o n  No. 012-12137 
P r e c i s i o n  NO, 168-12137 
P r e c i s i o n  No. 2.53-12137 
Wa 1 des No. N5OOO-775-S 
Waldes No. 6900 
Descr ip t i on  Quant i t y  
Wheel Turb ine 
Wheel Assembly Turbine 
Scroll F a b r i c a t i o n  Assembly 
S c r o l l  Machining Assembly  
Nozzle Machin ing Assembly 
Shroud Machining 
D i f f u s e r  Mach in ing 
Exhaust Adapter  
R o t o r  Back S h i e l d  
P i n  Cap 
P in ,  Locat ing 
Shim, Sealing Spacer 
Ring, R e t a i n i n g  
Pac k i  ng I1O1 l  R i ng 
Packing t t O 1 t  Ring 
Pack i  ng "0" R i  ng 
Pac k i  ng I 1 O 1 l  R i  n g  
Pack ing  "OI1 R i n g  
Reta in ing  R ing  
P I  i e r s  
Screw, Cap Socket Head, No. 10-32 x 23 
1 in Long Stainless Steel 
Tube (0,0625 0.0. x 0.010 Wall) , As 
S t a i n l e s s  Steel Requi red 
F i t t i n g  (0.0625 Tube x 0.0625 pipe), 2 
Swagelok 
Fitting (0.0625 Tube x 0.125 pipe) 9 2 
Swagelok 
For all other components o f  t u rb ine ,  see t u r b i n e  research package assembly, 
Drawing No. 699801 o f  Reference 2. 

f\ Scroll 
S t a  t i  on Nome,nclatur,e 
0 Scroll Inlet 
1 '~ozzle I n l e t  
2 Nozzle E x i t  
3 Rotor lnler ( F i r s t  B lade  Row Inlet) 
3 1 . Intermediate S t a t i o n  (second Blade Row ~ n l e t )  
4 Rotor E x i t  
5 Diffuser E x i t  
FIGURE 1 - SCHEMATIC PICTURE O F  RADIAL INFLOW TURBINE, STAGE 
0.96 0.98 1.00 1.02 1.04 
R a t i o  of Rotor Inlet Diameter to Datum Diameter  
R a t i o  o f  Nozzle Vane I n l e t  Diameter to Datum Diameter 
1 .O 1.02 1.04 
R a t i o  of Rotor E x i t  Mean Diameter t o  Datum 1 Design Diameter  
R a t i o  o f  Rotor €x i  t Outer Diameter 
to Datum 1 Design Diameter 
FIGURE 3 - VARIATION OF STAT1 C EFF l C I ENCY W lTH OUTER DIAME'T'ER 
- 
AND MEAN D f AMETER AT ROTOR D 1 SCHARGE 
0.96 1 . 0  1 ,04 
Ratio o f  Rotor Inlet Width  to  Datum Design Passage Width 
go. 0 
Ratio of  Nozzle Vane Inlet W i d t h  to Datum 
Design Passage Width 
FIGURE 4 - VARIAT l ON OF STATlC EFFl C l ENCY W lTH PASSAGE W 1 DTH AT, 
NOZZLE l NLET AND ROTOR INLET 
-4 -2 0 2 4 
Change i n  Rotor Blade Number from the Datum Design 
Change in Nozzle Vane Number from the Datum Design 
FIGURE 5 - VAR l AT1 ON OF STAT1 C EFFl C l  ENCY WITH ROTOR BLADE 
NUMBER AND STATOR VANE NUMBER ' 
1.04 1.05 1.06 
Vaneless Space Diameter Ratio 
go, 0 
a. 96 1.00 I .  04 
R a t i o  of Axia l  Length t o  Datum Axia l  Length of Rotor 
FIGUR E  6 - VARIATION OF STATIC E F F I C I E N C Y  WITH ROTOR AX.lAL 
LENGTH AND VANELESS SPACE DIAMETER R A T I O  
FiGURE 7 - DESIGN, VELgClTY DIAGRAMS FOR THE.,VANED NOZZLE AND THE 
ROTOR l NLET STAT 1 ON, 
F I GURE 8 - DES I GN VELOCITY D-IAGRAMS. AT THE ROTOR D l SCHARGE STAT1 ON 
Camber Line Distance ( in )  
II I I I ., . i 
O 1,O 2.0 3.0 4.0 5 4  0 
Camber L i n e  Distance (cm) 
FIGURE 9 - THE BLADE LOADING OBJECTIVE FQR THE OUTER CASING 
STREAMTUBE OF THE REDESl GNED TURBl,NE (16 BLADES I N  EACH, 
ROW OF A TANDEM ROW CONF I GURAT I O Q  
-.- 
~ x i a l  Distance (in) 
. . 
C 1 I . 
-4.0 -2,O 0 
Axial Distance (cm) 
IE 10 - FINAL MERID IONAL FLOW PATH OF THE BRU TURD l NE ROTOR 
-290 -1.0 0 
A x i a l  Distance ( i n )  
c. t I 5 
-4,O -2.0 0 
A x i a l  . D i  stapce (cm) 
F I GURE 1 1 - COMPAR l SON OF THE OR l GI NAL AND REDES l GNED TURBINE 
MER I D I ONAL FLOW PATHS 
I Meridionql Dis tance  ( in )  1 
2.0 
Meri dional Distance (cm) 
F I G U R E  12 - FIRST BLADE ROW SURFACE VELOCITY DISTRIBUTION 
(CAS I NG STREAMTUBE) 
I-. 
, 4 ' 3  
Mer i d i  ona 1 D i stance (.i n) 
Meridional Distance (crn) 
Scale: 1U;l  , 
1.0 
L 
a 
9 
E 
3 0.5 
Z 
.c 
u 
2 
0 0.5 1 ,o 
Normalized Surface Length 
FIGURE 14 - SECOND BLADE ROW SURFACE MACH NUMBER, D l S f R l B U T l 0 . N  AND. 
CORRESPOND I,NG ELADE SHAPE AT A RAD I US OF, , , I  * 70, I NCHES, *
0 o* 5 1.0 
Norma 1 i zed Surface Length 
F l ,GURE,  15 .: SECOND BLADE ROW SURFACE MACH NUMBER D I VR1 BlIT I ON. AM 
CORRESPOND I NG - BLADE SHAPE AT A RAD 1 US ,OF 1.125 I NCHES 
LNEAR THE HUB) 
Meridional Dis tance  ( i n )  
1 .  I ! ! I J 
Meridional Distance (em) 
F l G U R E  16, - 'SECOND BLADE ROW SURFACE V E L O C I T Y  Dl STR (BUT l ON 
-L 
.(CAS I NG STREAMTUBE), 
0 
O 0.2 0.4 0.6 O,8 1.0 
Meridional Distance (in) J I e -- . - ..- I d  
0 0 4  5 1,o 1*5 2.0 2.5 
Msridional Distance (cm) 
F l GURE 17 - SECOND BLADE ROWSURFACE ,VELOC ITY D ISTRl BUT ION ( H U B  STREAHTUBE) 
0.2 0.4 0'6 om& 
Nondimensianal Meridional Distance 
F l GURE 18 - BLADE ANGLE VARIATION. ALONG THE STREAMLINE NEAR THE OUTER CAS ING 
(CAS I NG STREAMTUBE CENTERS) 
A x i a l  Distance ( i n )  
(~easured f ram ~ e f e r e n c e  a t  Rotor T ra i  1 i ng ~ d g e )  
Axial  Distance,  (cm) 
F IGURE 19 - MERl  D l  ONAL FLOW PATH OF THE NOZZLE, 
r _ _  
Meridional Distance ( i n )  
Meri d i  anal D i  stance (cm) 
FIGURE 20 - SURFACE VELOCITY D 1 STRI BUT I O N  _4F NOZZLE VANE 

A x i a l  Distance ( in)  
( ~ e a s u r e d  From Reference a t  Rotor T r a i  1 i n g  ~ d ~ e )  
Axia l  ~ i s t a n c e  (cm) 
Norma 1 i zed Camber L i ne D i stance 
F j  GURE 23 - TWO-D I MENS I ONAL BOUNDARY -LAYER PARAMETERS AND SECONDARY FLOW 
PARAMETER Cp .OF THE ,FIRST BLADE ROW (CASING STREAMTUBE) 
Normalized Camber L i n e  Distance 
F 1 GURE 24 - TWO-D I MENS I QNAL 0C)UNDARY -LAYER PARAMETERS AND SECONDARY, FtO\ 
PARA METE^ C p OF THE F 1 RST BLADE ROW. (HUB STREAMTUBE,) 
0. 2 0.4 0.6 0,8 
Normalized Camber tine Distance 
F 1 GURE 25 - TWO-D I MENS I ONAL BOUNDARY-LAYER ' PARAMETERS AND SECONDARY FLOW 
' 
PARAMETER FROM HUB TO CASING OF THE FI,RST, ,BLADE ROW (SUCTION SURFACE) 
O,2 0.4 0,6 0.8 
Normalized Camber Line Distance 
F l GURE 26 TWO-D IMENS IONAL BOUNDARY-LAYER PARAMETERS AND SECONDARY FLOW 
PARAMETER??! FROM H U B  TO CAS l  NG OF .'THE FIRST BLADE ROW (PRESSURE SURFACE)- 
Normal i zed  Camber . L i  ne D i  stance 
FIGURE 27 - TWO-DIhENS IONAL BOUNDARY-LAYER, PARAMETERS AND SECONDARY FL 
PARAMETER Gp  OF THE SECOND BLADE ROW , (CAS ING 
- 
. . *  , . , I  . I t  
, ~ ~ i + ~ i ~ t t ~ ~ i ~ i i ~ ~ ~ ~ ~ ~ ~  
. .  . .  l * .  . .  !.:!;. :i:: 
4 ' + . . "  ! . ' I . .  . 
:-rr:x Length of the Camber Line = 0.80 i n  (2.03 cm) 5:;m.- 
. ::i::.:: ... I I . L . * . .  
0.2 0.4 o .'6 0 ,'8 
Normalized Camber L ine Distance 
F l GURE 28 - TWC?:O,IMENS,I ONAL BOUNDARY-LAYER PARAMETERS AND, SECONDARY FLOW 
PARAMETER A C ~  OF THE, SECOND BLADE ROW (HUB STREAMTUBE) 
Normalized Camber t i n e  Distance 
0,2 0 ~ 4  0.6 0.8 
~ormal ized Camber Line D i stance 
F l GURE 30 - TWO-D I MENS I ONAL BOUNDARY-LAYER PARAMETERS AND SECONDARY -- FLOW
PARAMETER 2$ FROM HUB TO CASING OF THE S E C O N D  
_BLADE ROW (PRESSULSURPAC~ 
0.2 0.4 0,6 0.8 
~o'rma 1 i zed Camhcr L i  ne D i  s tance 
FIGURE 3 I ,  - TWO-D I M E ~ S  I O N A L  BOUNDARY-LAYER PARAMETERS AND SECONDARY FLO! 
PARAMETER ,,Cp FROM PRESSURE TO THE SUCTION, SURFACE OF THE NOZZLE VANE -
FIGURE 3 2  
. , (ii , . t,.ength of the Camber L ine = 2.b0 i n  (6.6 em) /~l';i:i!,k/Tlil .*. -+.-.+.. . +. :tA--. 
I ,  b . .  * . , * , , r * ,  
Normalized Camber L i n e  Distance 
- TWO-b I M E ~  IONAL BOUNDARY-LAYER PARAMETERS AND SECONDARY' FLOW 
\RAMETER d FROM CASING TO HUB ALONG 'THE SUCTION SURFACE 
OF THE NOZZLE VANE 
0.2 0.4 0,6 0.8 
Normal i z e d  Camber L i n e  Distance 
'Meridional Distance (in) (~easured f rom Scroll I n l e t  
Flange k.long t h e  Mean l i n q )  
.. 
Mer id iona l  Distance (cm) 
F J GURE 34 - VAR IAT l ON IN, CROSS SECT1 ON OF, THE TURB I NE. INLET SCROLL 
ICl ZERO DEGREE & I HUT ltAL AN G ~ ~ ) r -  
FIGURE 35 - MER ID lONAL V.i EW OF ROTOR SHOW JNG HEAT TRANSFER AREA6& 
BLADE PANELS, AND REFERENCE SURFACE, 
Ax ia l  Distance ( in)  
Axial Distance (cm) 
F l  GURE 36 - ROTOR TEMPERATURE DISTRIBUTlON AT 100 PER CENT SPEED 
Radial Stress 
Radius ( in )  
Radius (cm) 
- 
FIGURE 37 - RADIAL VARIATION OF THE D I S K  STRESSES AT DESIGN TEMPERATURE 
OPERATING AT 100 PER CENT SPEED 
0 1 ,o 
Radius ( in )  
1 1 
6 4 2 O 2 4 6 
Radius (cm) 
F 1 GURE 38 - RADIAL  VARIATION OF PISK STRESSES AT DESIGN TEMPERATURE 
OPERAT l NG AT 1.20, PER CENT SPEED 
1.0 1 0 1.0 
Radius ( in )  
Radi us (cm) 
FIGURE 39 - RADIAL VARIATION OF D I S K  STRESSES AT DESIGN TEMPERATURE 
OPERAT l N G  A T  140 PER CENT, SPEED, 
F l GURE 40 - RAD IAL STRESS D l STR l BUT l ON AT' DES l GN TEMPERATURE 
OPERATI N;G AT,,,lOQ PER CENT SPEED, 
F l GURE 41 - TANGENTIAL STRESS 0 ISTR l BUT ION AT DES l GN TEMPERATURE 
OPERATING AT 100 PER CENT SPEED, 
1 .o 1 * 5  
Radius (in) 
Radius (cm) 
FIGURE 42 - R A D I A L  VAR I A T l O N  OF EQUIVALENT STRESS AT DES l GN TEMPERATURE 
OPERATING AT 120 PER- CENT SPEED 
Rad'us ( i n  
I I .  
FIGURE 43 - RADIAL VARIATION OF AXIAL  DEFLECT ION AT DES lGN AND 
ROOM TEMPERATURES (REFERENCE AT ;?(T = 0) 
Radius (in) 
Radius (cm) 
FIGURE 44 ,- VARlAT loW OF RADIAL ELONGATION WlTH RADIUS 
AT DES IGN AND ROOM TEMPERATURES 
0.4 0.6 
Axial  Distance ( i n )  
O 005 1.0 1.5 . 2.0 295 
Axial  Dis tance  (cm) 
,F IGURE 45 y NORMAL TH! CKNESS D l STR l BUT-ION ALONG THE H U B  'AND 
OUTER CONTOUR (F I RST BLADE ROW) . . 
I Axial  Oiarance ( i n )  t 
3 
Axia l  Distance (cm) 
F IGURE 46 NQRMAL SH I CKNESS D I Sf R I B U T ~ A L O N G  THE HUB& 
PUTER CONTOUR (SECOND BLADE ROW) 
A x i a l  Distance ( i n )  
Axia l  Distance (cm) 
FIGURE 47 - BLADE ROOT, BENDING AND TENS lLE STRESSES AT 
120 PER CENT SPEED, (FIRST BLADE ROW) 
1.0 1.5 
Axia l  Distance (ern) 
0.2 0.4 0.6 0.8 
A x i a l  Dis tance  (in) Measured from Reference a t  
Rotor Trailing Edge 
. r 
cfGURE 48 - BLADE ROOT BENDING AND TENSILE STRESSES AT 
120 PER CENT SPEED (SECOND B L A D E O W ) .  
20 30 40 50 
Rotor Rotational Speed x lom3 (rpm) 
FIGURE 49 - CAMPBELL DIAGRAM FOR THE ROTOR 
F i r s t  Blade Row T r a i l i n g  Edge 
Second Blade Row Leading Edge 
Second Blade Row T r a i  I ing Edge 
Steady-State Stress x 1 0 - j  ( p s i )  
2 Steady-State  Stress x log3 (k~/ rn  ) 
FIGURE SO - GOODMA) DlAGRAM FOR THE ROTOR 
\ 
Turbine End Rear 
Bearing No. 1 Bearing No. 2 
Thrust 
Notes 
(1) Coupling mass based on  aluminum material density = 0.10 I b / i n  3 
(2.77 gm/crn3) . 
3 3 (2) Rotor and shaft mass based on deilsity = 0.29 l b / i n  (8.G3 gm/cm ). 
Twrbi ne Wheel 
Mass 3.8679 (1.7544 kg) 
(3) The moment transmitted through the wafers was assumed ne$l i g i  b l e .  
In essence, a pinned point was assumed at each end o f  the flexible 
coup1 ing. 
- 
5 (4) Rear bearing spring rate assumed constant, k = 2.5 x 10 lb / in  (4.38 ~/crn). 
( 5 )  Bearing 2 takes t h r u s t  load i n  di rec t ion  shown. 
- 
(6) Bearing loads calculated as  f o l l o w s :  R1 (lbs) R2 ( Ibs )  Thrust (!bs) 
1 1 . 1  13.2 75 
F I GURE 51 - TURB 1 NE ROTOR SYSTEM CHARACTER! ST l C S  
'f ' f 1 ,  1 0 B Bearing Stiffness (Ib I 
x 1 0 3  3 4 6 -  8 104 105 106 ;; 
. . Bearing S t i f f n e s s  (Nlcrn] 0 
F f  GURE 52 - VARIATION OF CRITICAL SPEED WITH BEARING STIFFNESS 
Radi us i n) 
I .  . LC. I - '  ' 
2.0 4.0 6.0 
Radius (cm) 
FIGURE 53 - RAD IAL VAR !AT l ON OF FRONTAL' AND. BACK PRESSURES 
P_N_THE TURB W I,NE WHEEL 
NOMENCLATURE 
Units 
-
Description 
sq f t  (sq crn) 
i n  (cm) 
II 
Area 
Passage width 
Biot number 
Skin f r i c t i o n  coefficient ...I 
fps (m/sec) Mert dional velocity 
Spec i f i c  heat  a t  constant 
pressure Btu/lbm deg R 
i n  (cm) 
i n  (cm) 
Diameter 
Hydraul i c  diameter 
Diffusion parameter (Equa- 
t i o n  2) 
cycles per  
sec 
Frequency 
I bm .F t /  1 b-F 
sec 2 
Gravi t a t  Jonal constant 
Meat transfer c o e f f i c i e n t  
b.' lncornpressible shape f a c t o r , -  
Energy conversion f a c t o r  w f t  Ibf/Btu 
i n  (cm) 
in (cm) 
Axial length 
Leng th  
Mass flow 
Rotational speed rpm 
ft3/4/jmi n) 
(sec) 1 2 (m3/4/ 
( m i  n) (s  ec) 1 /2) 
2 p s i a  (kN/m ) 
Specific speed, %+ 
Pressure 
P r a n d t  1 number 
Volume flow r a t e  
Reynolds number, 
ft (cm) 
i n (cm) 
Radi us 
Symbol 5 esc r i p t i  on U n i t s  1 -
S u b s c r i p t s  
Clll 
b 
Temperature 
Trai  1 i ng edge thickness 
Wheel speed 
Abso lu te  v e l o c i t y  
R e l a t i v e  v e l o c i t y  
Number sf  blades 
Absolute f low angle f rom a x i a l  
d i  rect ion 
Displacement th ickness  
Isentropic head on t o t a l  pres- 
sure r a t j o  
Dynarni c v l  scos i . t y  
Density 
Angular v e l o c i t y  
Momentum t h i ckness 
~ f - F  i c i ency 
Secondary f 1 ow 
Secondary flow 
deg R (deg K) 
i n  (cm) 
f p s  (m/sec) 
f p s  [rnlsec) , 
f p s  (m/sec) 
deg 
i n  (cm) 
Ibm/ft sec 
(kg/m set) 
lbrn/ft3 (g/ 
c m3) 
Description 
Back 
Condi tions correspondi ng to  
Mach number o f  1.0 
Driving surface  
Frontal 
Hub 
Mean 
No22 1 e 
Tota 1 condi t i  ons 
Over-a1 1 
Reference 
Rotor 
Desc r ip t i on  
Shroud 
Static 
Tra i  1 i ng surface 
Wall 
Station at scroll inlet 
Sta t i on  at nozzle inlet 
Stat ion  at nozzle e x i t  
Station at rotor inlet 
Intermediate station 
Sta t ion  at ro to r  e x i t  
S t a t i  on a t  diffuser e x i t  
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APPENDIX I 
AERODYNAMIC DES l GN PROCEDURES 
Sc r o l  I Des i gn Prqcpdure 
The method used for the  detailed design o f  the  s c r o l l  i s  based 
on Reference 17 and may be used for arbitrary cross-sectional shapes. The 
method determines the cross-sectional area of a scroll, as a function of 
t h e  azimuth angle, that i s  necessary to obtain uniQorm s t a t i c  pressure 
d i s t r i b u t i o n  around the  circumference. 
Assumptions and Limitat ions 
The method basically salves the continuity equation and angu- 
lar momentum equation w i t h  the  following assumptions: 
. Flow is incompressible. 
2. Free vor tex  flow. 
3 .  F,low is one-dimensional, 
4 No secondary flow effects .  
The cross section of the  scroll is calculated in twa stages. 
1 .  Calculation o f  area a t  a s p e c i f i e d  azimuth angle w i t h  the 
above assumptions. 
2. Correction o f  the above area to  allow for frictional e f -  
fects. 
The method i s  limited to cases of low Mach numbers with uniform flows. 
Input and Output Description 
The following are the  input requirements in addition to the 
specification o f  type of cross section and any dimensional restrictions 
i n  the radial direction: 
1 Azimuth angle at scroll inlet. 
2. Stator inlet flow width. 
3 .  Stator  in le t  f l o w  angle. 
4. Stator Inlet radius. 
5. F r r c t i o n  factor. 
The output values at a given azimuth angle consist o f :  
I +  Mean radius o f  the crass section. 
2. Corrected area of the cross section, 
3. He igh t  of the cross section. 
4. Mead loss. 
The method employed i n  the aerodynamic design o f  the  rotor ap- 
plies here in essence. An important simplification in stator design is 
introduced by the use of two-dimensional blades, which may be specified 
directly in terms o f  camber line ang le  instead of indirectly by prescribed 
loading. The method reduces to an analysis o f  the flow f i e l d  and boundary 
layers far specified passage geometry, which is systematically modified 
untll satisfactory performance is indicated. A descrfptlon oP the reie- 
vant design tools, t h e i r  capabilities and limitations and the requ i red  
input and resulting output a r e  presented in the discussion o f  rotor design 
method . 
Vaneless Space Des inn Procedure 
The flow analysis of the vaneless space is based on one-dimensional 
compressible f l ow  equations i n  an axisymmetric radial duct as described in 
Reference 18. The angular momentum and continuity equat ions are solved w i t h  
the aid of an empirical expression for t h e  friction coefficient as a func- 
tion o f  Reynolds and Mach numbers. An iterative integration of these 
equations has been chosen as the method most applicable to digital computer 
computations and a corresponding routine (program VLS) is available. The 
ch ie f  limitation of t h i s  method i s  t h e  assumption of one-dimensional flow. 
Input data are the axial channel w i d t h  as a function o f  radius, 
the viscosity o f  t h e  fluid and its variation with temperature, and inlet 
conditions consisting of t h e  stagnation state, inlet Mach number, and flow 
angle. The output comprises the f l o w  cond i t i ons  and the s t a t i c  and total 
state a t  s p e c i f i e d  radial  s t a t i o n s .  
Rotor Ae rodynami c Des l sn Method 
Des i nn Procedure 
The d e t a i l e d  aerodynamic design o f  the tu rb ine  r o t o r  involves 
the To1 lowing steps: 
1 .  Generation o f  a blade sur face from prescr ibed loading d i s -  
t r i b u t i o n  and imposed geometrical cons t ra in t s .  
2 .  Quasi-three-dimensional a n a l y s i s  o f  the i n v i s c i d  flow f i e l d  
i n  the t u r b i n e  blade passages. 
3 1  Deta i l ed  three-dimensional f l ow  ana lys i s  i n  t he  blade row 
i n l e t  and discharge reg ions*  
4 Compressib!e t u r b u l e n t  boundary-layer a l ~ a l y s i s  on the  w a l l s  
o f  the b lade passage and eva lua t i on  o f  discharge losses. 
The i n i t i a l  b lade load ing  s p e c i f i c a t i o n s  may be r e i a t e d  t o  the r o t o r  per-  
formance and systemat ica l  l y  rev ised by repeat ing  the above ser ies  o f  steps 
i n  o rder  t o  produce an optimum design. Concurrent ly,  the geometric con- 
s t r a i n t s  imposed on the  design o f  the b lade sur face must be eva lua ted  o r  
mod i f ied  i n  terms o f  pe rm iss ib le  b lade root  bending stresses and manufac- 
t u r i n g  f e a s i b i l i t y .  
NREC has developed computing rou t ines  For t h i s  design process 
which inc lude the fo l l ow ing :  
1 Program DESIGN t o  generate d e t a i  l ed  blade geometry from 
given b lade loading, f l ow  path, and geometrical spec i f i ca -  
t i ons .  The t h e o r e t i c a l  b a s i s  f o r  t h i s  method has been re- 
por ted  i n  Reference 19 and the computer program i n  Refer -  
ence 20. 
2. Program ANALS t o  analyze t h ~  three-dimensional i n v i s c i d  
f law i n  a r o t o r  blade passage o f  s p e c i f i e d  geometry. Th is  
method i s  a l s o  descr ibed i n  d e t a i l  i n  References T9 and 20. 
3 .  Program BL2BL to analyze I n  d e t a i l  the Inviscid flow field 
of the blade end regions. This method has been reported i n  
References 21 and 22, 
4. Program BIANCA to compute compress i ble turbulent boundary- 
layer characteristics. T h i s  method is described in Refer- 
ence 23. 
B a s i s ,  Capabilities, and Limitations o f  Design Methods 
The basis of NREC's current impeller blade design method is the 
assumption that the flow can be analyzed in axisymmetric streamtubes. This 
amounts to ignoring the effects of viscid and inviscid secondary flow and 
represents a 1 imitation. 
The determination o f  the  blade shape is based on the relation 
between blade surface velocities, streamline shape, and streamwise dis- 
tribution of angular momentum (or loading) as expressed by the momentum 
equation, The prescribed distribution o f  loading along any streamline 
defines For a known meridional f l o w  field, the geometry o f  that streamline. 
When correct ions are appl  ied to that geometry to account for incidence and 
deviation near the blade end regions, the corresponding camber line i s  
found. This process may be repeated for one or two additional streamlines 
in the flow passage. A geometr ical  constraint is imposed on the loading 
o f  additional stream1 ines by the requirement that in order to de f ine  a 
practical blade shape, the several camber l i n e s  must be aligned on speci- 
f i e d  leading or trail ing edges. The remainder of t h e  blade surface is 
then determined by the s!2ecification of straight-line generatrices. Such . 
straight-line elements are uniquely determined by three camber lines. An 
alternate blade element specification, which is frequently used, is to 
prescribe along one camber line the element orientation relative to the 
axis and t h e  meridional plane* 
The limitations of this method are evidently the restriction 
to straight-line elements and certain approximations in the use of the 
momentum equation and in the assumed streamwise variation of deviation be- 
tween flow angle and blade camber line angle i n s i d e  the blade passage. 
The f low F i e l d  ana lys i s  i n  the blade passages determines the  
p o s i t i o n s  o f  the axisymmetric streamtubes i n  the  blade passage by a p p l i -  
c a t i o n  o f  the momentum, c o n t i n u i t y ,  and energy equations. Th is  result 
i s  achieved by an i t e r a t i v e  procedure i n  which the p o s i t i o n s  o f  the 
s t reaml ines which de f i ne  the streamtubes o f  s p e c i f i e d  mass f l a w  incre-  
ments a r e  i n i t i a l l y  est imated and subsequently rev ised by the f l o w  f i e l d  
s o l u t i o n  corresponding t o  t h e i r  geometric p roper t i es  o f  s l ~ p e  and curva- 
t u r e *  When successive s t reaml ine  estimates agree t o  w i t h i n  a s p e c i f i e d  
ta le rance,  the s o l u t i o n  has converged. I n  a second s tep  t h i s  axisyrnmetric 
s o l u t i o n  i s  extended i n  c i r c u m f e r e n t i a l  d i r e c t i o n  t o  the  b lade d r i v i n g  and 
t r a i l i n g  sur faces by us ing  approximations t o  the momentum equat ion f i r s t  
a p p l i e d  i n  Reference 27. 
The l i m i t a t i o n s  o f  t h i s  method f i e  c h i e f l y  i n  the l a t t e r  ap- 
proximat ions which prec lude the determinat ion o f  the d e v i a t i o n  between 
mean f l o w  angle and b l a d e  camber l i n e  angle. In the  major p a r t  o f  the 
blade passage t h i s  d e v i a t i o n  may be n e g l i g i b l e .  Near the b lade end re- 
g ion the computed b lade sur face cond i t i ons  are  c e r t a i n l y  inaccurate.  A 
thorough ana lys is  o f  the  f l o w  f i e l d  i n  these areas i s  accomplished by the  
f o l l o w i n g  method which i s  designed t o  c a l c u l a t e  the compressible f l o w  
f i e l d  w i t h i n  an i n f i n i t e s i m a l  axisymmetric streamtube o f  v a r i a b l e  t h i c k -  
ness, as ca lcu la ted  by the  foregoing method. The approach here i s  t o  
so lve  the  two-dimensional stream func t i on  equations by a  r e l a x a t i o n  
method; NREC's computer program ( B L ~ B L )  i s  based on the method developed 
b y T .  KatsanisofNASALeRC ( ~ e f  5) .  A l i m i t a t i a n o f  themethod i s  t h e  
r e s t r i c t i o n  t o  subsonic Flows. 
The analysis o f  the compressible t u r b u l e n t  boundary layers along 
the  passages o f  the blade sur face i s  based on an e x p l i c i t  i n t e g r a l  theory,  
which i s  character ized by the i n i t i a l  i n t e g r a t i o n  o f  the  governing equa- 
t i o n s  across the  boundary layer  and the computation 0 - F  i n teg ra ted  parame- 
t e r s  from the r e s u l t i n g  o r d i n a r y  d i f f e r e n t i a l  equations. The essence o f  
the. method i s  the s o l u t i o n  o f  t h e  momentum and k i n e t i c  energy equations 
i n teg ra ted  across the  boundary layer .  These bas i c  r e l a t i o n s  a re  supple- 
mented by semi-empir ical r e l a t i o n s  f o r  the w a l l  shear s t ress  c o e f f i c i e n t  
and the  d i s s i p a t i o n  c o e f f i c i e n t .  
l nput Requ i rements 
The i n p u t  in fo rmat ion  requ i red  f o r  the blade design (Program 
DESIGN) cons is ts  o f  hub and shroud and blade edge contours i n  the 
mer id iona l  plane, the norxa l  b l a d e  thicknesses a long the hub and shroud, 
the b lade element o r i e n t a t i o n  a t  leading and t r a i l i n g  edges, i n l e t  f l o w  
cond i t i ons  c o n s i s t i n g  o f  t o t a l  pressure, temperature and angular momen- 
tum, an average p o l y t r a p i c  e f f i c i e n c y ,  the t o t a l  mass f low, the  operat -  
i n g  speed, and the specification of incidence and the angular momentum 
a t  discharge. 
The f l o w  ana lys i s  Input  data (program ANALS) cons is ts  o f  the 
i n l e t  f l o w  cond i t i ons  and opera t i ng  cond i t ions  (as  above) and the s p e c i f i -  
c a t i o n  o f  the f l o w  path  and b lade shape. The d e s c r i p t i o n  o f  the b lade 
sur face  i s  i n  the  form o f  a g r i d  o f  p o i n t s  de f ined by the  c y l i n d r i c a l  
p o i n t  coordinates and local t angen t ia l  b l ade  th ickness. A d d i t i o n a l  data 
are the incidence fac to r  (def ined l i k e  the s l i p  f ac to r ) ,  the loca t ion  
a long the  blade camber l i n e s  where the f l o w  d e v i a t i o n  ceases, and a po l y -  
t r o p i c  e f f i c i e n c y .  
lnpu t  data  f o r  d e t a i l e d  Plow ana lys i s  i n  the b l a d e  end reg ion 
(program BLPBL) a re  streamtube and blade sec t i on  geometry, f l u  l d  proper-  
t i e s  and f l o w  cond i t i ons ,  the  d i s t r i b u t i o n  o f  losses a long the f l o w  path ,  
and the s p a t i a l  domain and f i n i t e  d i f f e r e n c e  mesh geometry, Flow condi-  
t i o n s  a re  s p e c i f i e d  by the  absolute t o t a l  temperature, t o t a l  pressure, 
ent ropy and s w i r l  upstream o f  the blade, and the  streamtube mass f l o w  o r  
upstream f l o w  angle .  
l npu t  da ta  f o r  the compressible boundary-layer ana lys i s  (pro- 
gram BIANcA) cons i s t s  o f  s t reaml ine geometry on the passage surface, f l u i d  
p roper t i es ,  and i n i t i a l  and boundary cond i t ions .  The geometric informa- 
t i o n  cons is ts  o f  the d e f i n i t i o n  of the f r e e  streamlines a long which 
boundary-layer p r o p e r t i e s  a r e  t o  be computed, i nc lud ing  rad ius  and o r i -  
e n t a t i o n  o f  the normal w i t h  respect t o  the a x i s  o f  r o t a t i o n  as a func t i on  
o f  stream1 ine dis tance ,  and the w i d t h  o f  the streamtubes (measured on the 
surface) f o r  which the streamlines are  representat ive.  F l u i d  p roper t y  i n -  
formation required inc ludes the gas constant,  s p e c i f i c  heat  and s p e c i f i c  
heat r a t i o ,  and f l u i d  viscosity at standard temperature. Boundary c o n d i ~ ~  
tions required a r e ,  in general, the f ree stream velocity and s t a t i c  pres- 
sure distribution along the streamlines and the rotational speed o f  the 
surface. 
Output 
1 .  Full specification o f  flow path and blade geometry. 
2. Free stream flow conditions on the blade surfaces. 
3 .  Boundary-layer characteristics a long representative stream- 
l ines  of the blade passage and passage discharge losses. 
Dif fuser  Aerodynamic Design Method 
Fes i qn Procedure 
The detailed design o f  annular diffusers a f  optimized overwall 
dimensions reduces to t h e  proper selection of cross-sectional area as a 
function o f  diffuser lengtho The basis for this chofca i s  an adequate 
description of the internal flow field and of the  boundary layerso NREC 
has formulated a procedure to compute diffuser effectiveness and the 
point of separation f o r  two-dimensional and annular diffusersl The 
method was designed to allow for the  e f f e c t  o f  a distorted velocity pro- 
file at inlet, but  not  for curvature terms and tangential swirl* A com- 
parison with experimental results shows t h a t  the method can predict dif- 
fuser effectiveness with f a i r  accuracy for diffusers w i t h  uniform flow 
at inlet, and also p r e d i c t  the development o f  a shear profile, if t h e  
inlet profile is i n  equilibrium. 
The method involves a streamtube analysis to calculate the 
development o f  the ve loc i t y  f i e l d .  The output  Prom this calculation i s  
used to obta in  the characteristics of the boundary layer,  and hence the 
point of Flow separation. The following steps may be identified: 
1 ,  Calculate the  stagnation properties of a specified number 
of streamtubes at diffuser inlet. 
2. Make a f l rst  estimate of the boundary-layer displacement 
thickness t o  g i ve  the ef fec t ive  d l  ffuser wa? f pos'! t lon.  
3 .  Proceed downstream In  steps, cslculatlng the pressure and 
velocity profile a t  each a x i a l  s t a t l a n *  
4 Using  the pressure distribution thus  o b t a h d ,  make new 
estimates of the boundarymlayar disptecarnsnt th ickness and, 
hence, the displaced w a l l  coordinates. 
5. S t e p s  3 and 4 are repeated unr i  l the solution converges. 
A computer rout ine Fs avai  l a b l e  t o  automate t h i s  procedure and 
1 s described i n  References 25 and 26* 
Step 4 i n  the above procedure m e r i t s  f u r t h e r  comment here, A 
key parmameter i s  the shape fac to r ,  u , which i s  the r a t i o  o f  the  d isp lace-  
ment thickness t o  the  momentum thickness 
h 
Using the velocity d i s t r i b u t i o n  obtained i n  Seep 3, the momentum th ick-  
ness i s  obtained by so lv ing  a form a f  the momentum i n t e g r a l  equation for  
compressible Flow. A s imp le  empirical r e l a t i o n  suggested by Dussourd 
( R ~ F  27) from work on d i  f fusers is used t o  f i n d  the shape factor.  These 
two r e l a t i o n s  a re  presented In Appendix i of: Reference 25, 'The new d ism 
placement th ickness i s  then obtained d i r e c t l y .  
The separat ion c r i  tsr i on  i s  expressed i n  terms o f  t he  shape 
f ac to r ,  H . Separat ion occurs when 6 reaches a c r i t i c a l  value, HSCP 
DoenhoPf and Tetervin (Ref 28) measured& on NACA-65 a e r o f o i l s  a t  mod- S P  
era te  inc idence angles and found values i n  the range 1 + 8  to 2*2 .  
To use the streamtube method, a va lue  o f  HSEP= 1.9 i 5  recom- 
mended, T h i s  value was se lec ted  t o  g i ve  the best co r re la t i on  between the 
streamtube method and the experimental results o f  Reneau, Johnston, and 
K l i n e  (Ref 29) f o r  two-dimensional d i f f u s e r s ,  and Sovran and l(lomp ( ~ e f  
30) f o r  annular  d i f f use rs .  
Bas is ,  Assumptions, and Limitations 
1. There i s  no r ad ia l  pressure gradient or tangential s w i r l .  
2 .  The f l ow  may be represented by a number o f  streamtubes. 
The f l ow  i n  each streamtube i s  uniform and isentropic, and 
no mixing occurs between adjacent streamtubes. The F l u i d  
obeys the per fec t  gas law. 
3.  The boundary layer Is identical t o  t h a t  an a f l a t  p l a t e  
w i t h  the same pressure g rad ien t  t h a t  e x i s t s  in the d i f f u s e r .  
The e f f e c t  o f  the boundary layer  i s  t o  produce an e f f e c t i v e  
displacement o f  the diffuser wall, When the f l o w  separates, 
no f u r t h e r  pressure r i s e  occurs. 
4 There i s  a l i n e a r  v a r i a t i o n  of streamltne slope from ane 
wal l  to the  other a t  any axial s t a t i o n .  A t  the f i r s t  s t a d  
t i o n  there is zero s t reaml ine  slope. 
A l i m i t a t i o n  o f  the procedure is t h a t  t h e  i n v i s c i d  f l o w  calcu- 
l a t i o n  does 17ot allow f o r  cu rva tu re  terms and t a n g e n t i a l  s w i r l .  
Input  Requirements 
The inpu t  cond i t i ons  a t  t he  i n l e t  s t a t i o n  are: 
I Weight mean total pressure. 
2 .  Uniform s tagnat ion  temperature. 
3 .  Mass f l o w  ra te .  
4. A v e l o c i t y  p r o f i l e  given by 
U 
where k= an a r b i t r a r y  v e l o c i t y  
U f&" a tabu la ted  funct ion o f - a g a i n s t y  . W 
5. The boundary-layer displacement th ickness. 
6. The boundary-layer shape factor. 
Output 
Output data at intermediate and f i n e l  stations are:  
1 The v e l o c i t y  p r o f i l e e  
2. The boundary- layer displacement th ickness.  
3 The boundary-layer shape f ac to r .  
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MECHAN,I C A L  DES l GN PROCEDURES 
F o t o r  Mechan i ca 1 Des 1 qn Methods 
Rotor Steady-Sta t e  Heat Trans fer  CoeFFicients 
tn o rde r  t o  p r e d i c t  the temperature d i s t r i b u t i o n  i n  the r o t o r ,  
i t  i s  necessary t o  compute the sur face  temperature o f  the metal  These 
temperatures depend upon the  gas and a d i a b a t i c  wall temperatures as  w e l l  
as on the heat  t r a n s f e r  c o e f f i c i e n t s .  Both heat t r a n s f e r  c o e f f i c i e n t s  
and Biat numbers a r e  ca lcu la ted .  For the d i s k  surface, the  hea t  t rans-  
f e r  c o e f f i c i e n t  may be calculated by standard methods. I t  w i l l  i n  general 
depend upon the Reynolds and Prand t l  numbers and i s  computed by equations 
der ived  e m p i r i c a l l y  f o r  h i g h  v e l o c i t y  f l a w c  For the areas where blades 
e x i s t ,  the sur face i s  t r e a t e d  as a Pinned surface. The a d d i t i o n a l  heat 
t r a n s f e r  i s  accounted f o r  by corlrection o f  the standard heat t r a n s f e r  
c o e f f i c i e n t s  der ived  above. 
Limitations 
The major l i m i t a t i o n  o f  t h i s  process i s  i n  t he  s e l e c t i o n  o f  t h e  
formula for ca l cu la t i on  o f  t h e  heat t ransfer coefficient. The experimental 
cond i t i ons  l ead ing  t o  the equat ion should be as similar t o  f l o w  i n  the i m -  
peller as possible. 
I npu t  Requirements 
1 .  Impe l l e r  geometry. 
2. Gas proper t i es .  
3 Gas temperatures, v e l o c i t y ,  and pressure d i s t r i b u t i o n .  
Output 
1. Heat t rans fe r  coe f f - i c ien t  d i s t r i b u t i o n ,  
2. Biot number distribution. 
3 ,  Adiabatic wall temperature distribution. 
,Calculation of Temperature Distribution in Rotor 
The calculation of the rotor temperature distribution i s  accomm 
plished when the Blot number and adiabatic wall temperature distribution 
are known. I t is desi red to determine t h e  m e t a l  surface temperature d i s -  
tribution. T h i s  i s  accompl ished by NREC Program STRESS ( ~ e f s  3 and 4) 
which uses an  "energy-i ntegra 1 ' I  temperature ana lys is procedure. The im- 
peller is divided into a s e r i e s  of concentric cylinders for the analysis. 
A typical annular cylindrical element will have heat flow in or out of 
its four surfaces. A1 1 elements a r e  then solved simultaneously with the 
boundary condi t ions included. 
The axial temperature distribution i s  sn approximation and i t s  
accuracy depends upon the se I ection of appropriate constants. The method 
also depends upon the Initial calculation of Biot numbers and temperature 
distributions. 
1 nput Requi rernent.5 
1.. Siot number distribution. 
2. A d i a b a t i c  wall temperature distribution. 
3 .  Rotor geometry. 
4, Rotor material properties. 
Output 
Rotor surface temperature distribution. 
Therma 1 and Mechanical Disk Stress 
Impeller disk stresses are calculated using NREC Program STRESS. 
(Ref 4). Both thermal and centrifugal loadings are considered. The basic 
method employed in the analysis i s  t h a t  o f  Schi lhansl, To use the method, 
the  ro to r  geometry, r o t o r  face temperature distribution, and materia 1 
properties must be known. The computer program uses a series of concen- 
tric cylinders to determine centrifugal and thermal distributions and 
loadings. The d i s k  back and front face stress as well as radial and axial 
disk deformations are computed. 
For burst considerations the average tangential stress at the 
worst l oca t ion  will be computed by an area integration method, 
The approximation itself: and the assumption of 1 inea,? cyl indri- 
cal deformations is the  major l i m i t a t i o n  a f  the  method. The procedure is 
thus not good f o r  the axial portions o f  long rotors. The results will 
show a low stress due to centrifugal loading at the impeller eye. 
Input Requirements 
1. Impeller geometry and opera t ing  conditions. 
2. Impel l e r  face temperature distribution. 
3 .  Material properties. 
O u t p u t  
I- 
1 .  Radial and tangential d i s k  s t resses  for the impel l e r  back 
and f rant face. 
2. Radial d i s k  deformation at the axial plane o f  the turbine 
inlet. 
3 .  Axia l  d i s k  deformation at the axial plane of the t u rb i ne  
inlet* 
4. Average tangential stress at 140 per cent speed. 
Blade  Root Stresses 
To p r e d i c t  the blade root st ress  due to centrifugal loading, 
NREC Program BLOROT (Ref 14) i s  used. The method employed by the  program 
i s  a rectangular  beam approximation, That i s ,  t he  continuous blade i s  
approximated by a se r ies  o f  beams o f  rectangular  cross sect ion.  The beams 
a r e  pinned a t  the shroud l i n e  t o  adjacent beams i n  a d i r e c t i o n  normal t o  
t h e  blade. Motions o ther  than normal a re  thus unres t ra ined and lead t o  
canservat i  ve r e s u l t s .  
L i m i t a t i o n s  
The beam approximat ion method i t s e l f  i s  a l i m i t a t i o n .  I t  i s ,  
however, n o t  a severe 1 i m i t a t i o n  as i t  has been found t h a t  the magnitude 
o f  the s t ress  computed i s  as would be expected. The l o c a t i o n  o f  the 
s t ress ,  however, p a r t i c u l a r l y  near the  boundaries i s  n o t  accurate. 
Another l i m i t a t i o n  i s  t h a t  the stresses ca lcu la ted by the pro- 
gram are  a t  present  l i m i t e d  t o  bending and t e n s i l e .  Th is  i s  genera l l y  
s u f f i c i e n t ,  p a r t i c u l a r l y  where nanradia l  b lade elements a r e  considered 
as these stresses w i l l  predominate* i n  r a d i a l  blades, i f  r a d i a l  beam 
elements a re  used, a conservat ive est imate o f  stress w i l l  be obta ined 
since the r a d i a l  d i r e c t i o n  would be unrest ra ined.  
l nput Requ i rernents 
1 .  Geometric d e f i n i t i o n  of blades*  
2. Operat i ng speeds. 
3 .  M a t e r i a l  p r o p e r t i ~ s .  
ou tpu t  
1. Blade r o o t  t e n s i l e  stress d i s t r i b u t i o n .  
2 .  Blade r o o t  bending s t ress  d i s t r i b u t i o n .  
Blade Natura 1 F r ~ q u e n c y  
Impe l l e r  blade n a t u r a l  frequencies, i n  general, a r e  much higher 
than operating speeds. Where t h i s  i s  the case, r e l a t i v e l y  crude methods 
may be used t o  est imate n a t u r a l  f requencies.  The methods used employ 
p l a t e  theory. A section o f  the blade may be thought o f  as a p l a t e ,  
clamped on two s ides  which wouvld represent  i t s  attachment t o  the hub and 
the adjacent blade sec t i on ,  The eye o f  the impe l l e r  i s  genera l l y  the area 
o f  lowest frequency. Th i s  i s  t r e a t e d  separately by a method due t o  Voysey 
(Ref 9). This method i s  a l s o  a p l a t e  o r i e n t e d  method bu t  considers taper 
i n  a more r igorous Fashion and has been checked exper imenta l ly .  I t  inc ludes 
the experimental f a c t o r  der ived  t o  b r i n g  the a n a l y t i c a l  r e s u l t s  i n t o  agree- 
ment w i t h  the  emp i r i ca l .  
L i m i t a t i o n s  
The major i i m i t a t i o n  of: the method dlscussed i s  t h a t  segments 
of the b lade are  treated separate ly .  I n  t h i s  manner, i n t e r a c t i o n  ef fects  
w i t h  the remainder o f  the b lade  a r e  e i t h e r  ignored o r  approximated. 
I f  a blade frequency i s  i n  the range o f  an opera t ing  o r  funda- 
mental frequency , i t w i 1 1 be necessary t o  perform a more sophi s t  i ca t e d  
a n a l y s i s  us ing f i n i t e  element techniques. I n  t h i s  manner a continuous 
b lade a n a l y s i s  may be performed. 
Input  Requirements 
1,  Blade geometry. 
2, Mate r ia l  property.  
3. Operating speed. 
Output 
Impe l le r  b lade  P i  r s t  na tu ra l  frequency. 
0 l a d e  V ib ra to ry  St ress Levels 
The v ib ra to r y  blade stresses, or  those caused by p u l s a t i n g  
aerodynamic loads are, i n  general,  q u i t e  small  when compared w i t h  t h e  
c e n t r i f u g a l  loading.  They do become important, however, when opera t ion  
occurs near a n a t u r a l  b lade  resdnance. To e s t i m a t e  these stresses, i t 
i s  necessary t o  know a c t u a l  b lade aerodynamic loading. T h i s  may be 
doubled s ince the worst  v a r i a t i o n  w i l l  be from zero t o  tw ice  the steady- 
s t a t e  loading. To detorrnine an a m p l i f i c a t i o n  f a c t o r  the method o f  Trumpler 
and Owens (Ref 15) may be used. They g i ve  an amp1 i f i c a t i o n  f a c t o r  t o  be 
app l i ed  t o  the s t r e s s  r e s u l t  based on a comparison OF the  frequency o f  the  
d is turbance w i th  tha t  o f  t he  fundamental mode, 
I n  general ,  the t a r g e t  va lue  f o r  maximum v i b r a t o r y  s t ress  i s  
10,000 p s i  or  less. 
L i m i t a t i o n s  
The l i m i t a t i o n  of t he  method i s  t h a t  the a m p l i f i c a t i o n  Factor 
i s  a statistically der ived  number based on experimental r e s u l t s .  A l o t  
depends upon t h e  manufactur ing q u a l i t y ;  t h a t  i s ,  the existence o f  stress 
r i s e r s  and the l i k e .  I n  a d d i t i o n ,  the fundamental frequencies themselves 
a r e  no t  t h a t  w e l l  known. These l i m i t a t i o n s  arc  not s i g n i f i c a n t  where 
resonance and operat  i on  a re  widely separated. 
I nput Requ i rements 
1.  Gas b lade load ing  magnitude. 
2 ,  Natural frequencies o f  i n t e r e s t  o f  the blade. 
3 .  Disturbance frequencies.  
Output 
Es t imate  o f  v i b r a t o r y  s t resses a t  t h e  b lade root.  
F lexu ra l  V ib ra t i ons  ( c r i t i c a l  Speeds) 
Flexura l  v i b r a t i o n s  i n  the  na ture  of c r i t i c a l  speed and rela- 
t i v e  mode shapes w i l l  be computed for the  t u rb i ne  r o t o r  system. The sys- 
tem t o  be considered c o n s i s t s  o f  the r o t o r  and s h a f t  i n  two bear ings. 
The method employed i s  a mod i f ied  "Holzer" technique ( ~ e f  16) us ing  the 
NREC computer Program HOLZER. 
The program uses a s t i f f n e s s  approach us ing  f i n i t e  elements. 
The f i n i t e  elements a r e  lump masses jo ined  t o  massless bars.  The  r o t o r  
assembly i s thus approximated by a system o f  masses end bars. The bars 
w i  1 1  support both bending and shear. The lump masses may con ta in  both 
mass and gyroscopic i n e r t i a .  The two bear ing  s t a t i o n s  may con ta in  pre- 
s p e c i f i e d  sp r i ng  grad ien ts ,  a d i f f e r e n t  gradient  a t  each bearing. The 
cross sec t ion  o f  the massless bars i s  a r b i t r a r y ,  s ince  on ly  moment o f  
i n e r t i a  need be known. 
Limitations 
One l i m i t a t i o n  o f  the  method i s  t h a t  i t  i s  b a s i c a l l y  an approx i -  
mation. Lump masses a r e  used t o  approximate a d i s t r i b u t e d  mass system. 
This i s  no t  considered a severe l i m i t a t i o n  as the approximat ion i s  q u i t e  
good, Another l i m i t a t i o n  i s  the f a c t  that  damping a t  the bear ings i s  not 
considered* Depending upon the bear ing  system, t h i s  may or  may not be a 
severe l i m i t a t i o n *  I n  the bear ing  system considered fur t h i s  appl  i c a t i o n ,  
damping i s  low such t h a t  the l i m i t a t i o n  i s  n o t  severe. 
l nput  Requi rements 
1 .  Apprax irnate system d imens ions 
2. Masses. 
3 ,  Shear s t i f f n e s s .  
4 Bending s t i f f n e s s .  
5 ,  Impe l l e r  g y r o s ~ o p i c  i n e r t i a .  
1 .  Na tura l  Frequencies f ~ r  a p r a c t i c a l  range o f  i m p e l l e r  end 
s p r i n g  constants f o r  the f i n a l  s h a f t  impe l l e r  geometry. 
2. Mode shapes For the lower f requencies having the  greatest 
e f f e c t  on the opera t i ng  speeds. 
Shaft Attachment Methods 
Des i gn Procedure 
The s h a f t  attachment method considered at present is a press 
f i t .  The impeller will have a s tub  s h a f t  and the shaf t  will have a 
cavity to receive i t l  Those parameters needing calculation are the 
torque transmission capability under centrifugal load and the impeller 
and shaft s t ress  under no external load* The procedure t o  be Pol lowed 
i s  detailed i n  Reference 31. 
L i m i t a t i o n s  
The major limitation in calcu1at ions such as t h i s  i s  t h a t  o f  
accu ra te l y  estimating the friction coefficient f o r  torque transmission. 
Th is  can be overcome by using a reasonably conservative es t ima te  For 
f r i c t i o n  c o e f f i c i e n t s  i n  addition t o  insuring t h a t  the j o i n t  i s  not over- 
stressed. A reasonable target maximum figure i s  3/4 yield strength of 
the material as the maximum j o i n t  stress. 
I nput  Requ i rements 
1 . Torque transmiss ion requirements. 
2 .  S h a f t  s i z e *  
3 *  Material s t r e s s  l i m i t s .  
Output 
1.  The design and drawings of the i m p e l l e r  s h a f t  assemblyl 
2. Resu? ts of calculations for torque transmission capabi 1 i t y  
o f  the joint. 
3 ;  R e s u l t s  o f  calculations for static joint stress condi t ions.  
Bearinq Selection and A n a l y s i s  
Prior to ball bearing selection and a n a l y s i s ,  a c a l c u l a t i o n  of 
the a n t i c i p a t e d  thrust load variation will be made. The t h r u s t  loads are 
computed by i n t e g r a t i n g  the expected s t a t i c  pressure d i s t r i b u t i o n  a long 
the f r o n t  face and back face o f  the impe l l e r  t o  determine the r e s u l t a n t  
t h r u s t  f o r c e *  On the back face, any a n t i c i p a t e d  pumping i s  considered. 
Having the expected t h r u s t  and r a d i a l  loads, the bear ings may be se lec ted  
on t h e  bas i s  o f  B I 0  l i f e  expectancies. The method o f  c a l c u l a t i n g  the 
bear ing l i f e  es t imate  i s  based on the method es tab l i shed by the A n t i -  
F r i c t i o n  Bearing Manufacturers Assoc ia t ion  (AFBMA) . A f t e r  these calcu- 
l a t i o n s  have been made, the re  i s  t o  be a comparison made w i t h  the 
e x i s t i n g  bear ing se t .  I f  major d i f f e rences  i n  BI0 l i f e  are  found and 
i t  i s  poss ib le  t o  do so, the bear ings w i l l  be reselected. 
L i m i t a t i o n s  
The o n l y  major l i m i t a t i o n  i s  that  i n  computing B I 0  l i f e  a 
small  percentage o f  the bear ings f a i  1 ,  perhaps we1 I i n  advance o f  the  
est imated l i f e .  I n  add i t i on ,  care must be taken i n  assembly w i t h  regard 
t o  such f a c t o r s  as al ignment, preload, and l ub r i ca t i on  system t o  ensure 
t h a t  the c a l c u l a t i o n s  are  va l  i d .  
1 npu t Requ i remen t s  
1 .  Resu l ts  o f  c r i t i c a l  speed c a l c u l a t i o n s .  
2, Design data for e x i s t i n g  system, 
3 .  S t a t i c  pressure d i s t r i b u t i o ~ s  a t  maximum and minimum ex- 
pected t h r u s t  loads. 
4. Dynamic and s t a t i c  r a d i a l  loads*  
Output 
1 .  A s p e c i f i c a t i o n  f o r  the bear ings. 
2 .  Rotor t h r u s t  load p red ic t i ons .  
3 .  B I 0  l i f e  p red ic t i ons  f o r  the bear ings. 
Turbine Scroll, Nozzle, and D i f fuser  -- . D e s l ~  Methods 
Deslgn Procedure 
The mechanical des ign of the s ta t tonary  p a r t s  of t h e  stage I n l  
vo lved the calculation of the  f o l l o w i n g  i t e m s  as a minimum requirement 
f o r  a satisfactory end product :  
1 Surface temperatures a t  certain c r l  t i ca l  locations from 
t he  i n l e t  t o  t h e  outlet flanges* 
2, S t ress  and/or d e f l e c t i o n  a t  corresponding c r i t i c a l  loca- 
t i o n s  from the i n l e t  t o  the outlet Flanges, as a f unc t ion  
o f  l o ca l  temperature, 
A l l  ternpern*ures w i l l  be based upon steady-state conditions, 
The procedures user ~r s t a t i ona ry  p a r t s  such as the  i n l e t  s c r o l l ,  the 
nozz le row, and the  exhaust d i f f u s e r  a r e  r e l a t l v e l y  standard p r a c t i c e ,  
The d e t a i l e d  methods of analysis are l a r g e l y  based on the standard tex t -  
books of References 8 and 32.  I n  the present  design, the  sta t ionary  
parts have been designed for t he  turbine research package r a t h e r  than t h e  
BRU opera t ing  at high temperatures and h igh pressure d i f f e r e n t i a l s ,  Hence, 
r e l a t i v e l y  l i t t l e  e f f o r t  i s  needed t a  be devoted t o  the mechanical analyses 
of t he  s t a t i o n a r y  pa r t s .  Rather,  t h e  emphasis was placed an designing a 
research vehicle which prov ided ease of assembly and m o d i f i c a t i o n  o f  dew 
sign standard. 
APPENDIX l i t  
REPRODUCTIONS OF THE MANUFACTURING DRAWINGS 
Tho follow\ng pages contain reproductions o f  the drawfngs 
produced f o r  the new turbine stage* These drawings have been reduced 
by arb1 trari ly selected s c a l i n g  factors for inclus ton In th is  report, 
The following I5 a l i s t  of drawing numbers, drawing titles, and the 
page on which the drawing i s  reproduced, 
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